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Abstract

Mudflows are formed almost every year in Uzbekistan and neighbouring
countries which present a major threat to human life and settlements and can
significantly damage infrastructure. The central goal of this thesis is to
understand mudflow risks that could potentially arise due to the
hydrometeorological factors, such as precipitation patterns and precipitation
driving mechanisms in synoptic and large scale over Uzbekistan. Empirically
developed local synoptic classification (SWT, synoptic weather type) results
show that the advection of westerly airflow initiates mudflows more
frequently compared to other SWTs. Objective approach (CWT, circulation
weather type) outputs show that cyclonic (C), westerly (W) and south-
westerly (SW) are the main mudflow generating weather types in Uzbekistan.
Statistical modelling of rainfall threshold triggering mudflows also proves that
rainfall associated with the C, W and SW weather types group has sufficient
magnitude to induce mudflow occurrences.

Risks of mudflows are discussed to increase in the future due to an increase in
global population and enhanced anthropogenic activities in previously
sparsely populated regions prone to hazardous mudflow events, specifically
in mountainous areas. In addition to this, any future potential effect of
anthropogenic climate change e.g. increased precipitation intensity and/or
changes associated with atmospheric circulation characteristics will increase
the potential of disastrous mudflows by impacting on respective triggering
mechanisms. Applying well established weather typing and state-of-the-art
reveal that mudflow generating large-scale circulation flows will increase by
up to 5% to the end of the century. Applying the statistical-empirical transfer
function for the important weather types (C, W and SW) inducing mudflows
show that mudflow activity will increase in the selected region as precipitation
values associated with the CWT C, W and SW flows in Coupled Model Inter-
Comparison Project Phase 5 (CMIP5) projection are expected to increase for
the target period of 2071-2100.
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Introduction & Statement
of Aim & Objectives

“Anyone can build a fast CPU. The trick is to build a fast system.”

Seymour Cray

1.1. Introduction

1.1.1. Definition of mudflow

Why mudflows not landslides?

In English “landslide” is a generic term (Takahashi, 2007) for the variety of
mass movement of soil associated with geologic, topographic, climatic (Clague
and Roberts, 2012) and anthropogenic (Sidle and Ochiai, 2006) factors which
can be further categorize according to failure mechanism, water content and

flow speed (Varnes, 1958, Hungr et al., 2014).

The concept of landslide classification devised by Varnes (1958) has been
found to be simple and the most used by worldwide researchers and
geoengineers (Hungr et al, 2014, Takahashi, 2007). The definition of

"landslide" in Varnes classification encompasses five main modes of slope



movement (falls, topples, slides, spreads, and flows) including three broad
material divisions (rock, debris, and earth) (Table 1.1). Varnes created a sixth
group of landslides - “complex slopes” which includes combinations of two or

more different types of movement.

Poorly researched earthquake induced mass movement processes on the
seabed or underwater known as submarine landslides (Prior et al., 1989,
Yincan and et al., 2017) and which are responsible for causing tsunamis that
damage coastal areas, is a type of landslide not classified by Varnes.
Landslides have also been identified on terrestrial planets, such as Mercury,

Venus and Mars (Bulmer, 2012).

This thesis will not detail on landslide types and characteristics, however, the
terminology of mudflow which is related to the fifth group of Varnes
classification will be defined here as the thesis is focused on this phenomenon
and as they pose considerable risk to people and cause significant material

losses in Uzbekistan (the thesis author’s birth country).

Bull (1964) reported that the term of mudflow was used for the first time in
McGee (1896) studies on Sonoran district slopes in US. Blackwelder (1928) in
his studies on extreme flows in semiarid mountains in Utah described
mudflow as a type of flow which was a phenomena in between landslide and

ordinary stream-floods which contains enough water to swell the clay colloids



and silts reducing internal cohesion making the mass slippery. Nobles and
Sharp (1953) proposed mudflow to be a type of debris flow in which the mud,
even though not necessarily quantitatively predominant, has a specific nature
of flowage and appearance depending on the factors which differ it from flows
of debris devoid of mud. Authors report that the flowing nature of mudflow
occurrence early May in 1941 at Wrightwood, Southern California, was “light
gray and mushy to soupy consistency just like freshly mixed concrete, much of it
consisted of silt, sand, and pebbles less than 1 inch in diameter and with a rough

surface velocities from 300 to 120 cm per second” (Nobles and Sharp, 1953).

Table 1.1. Varnes classification system of landslides (adapted from Hungr et al.

(2014)).
Group | Movement type Rock Debris Earth
1 Fall 1. Rock fall 2. Debris fall 3. Earth fall
2 Topple 4. Rock topple 5. Debris topple 6. Earth topple
3 Slide rotational 7. Rock slump 8. Debris slump 9. Earth slump
translational | 10. Block slide 11. Debris slide 12. Earth slide
Lateral spreading 13. Rock spread | - 14. Earth spread
Flow 15. Rock creep 16. Talus flow 21. Dry sand flow
17. Debris flow 22. Wet sand flow
18. Debris 23. Quick clay
avalanche flow
19. Solifluction 24. Earth flow
20. Soil creep 25. Rapid earth
flow
26. Loess flow
6 Complex 27. Rock slide- 28. Cambering, 29. Earth slump-
debris avalanche | valley bulging earth flow




Rickmers (1913) gives excellent photos of mudflows in the Turkestan ranges
of the Zerafshan valley (in modern day Central Asia) by describing them
under the name “mudspates... which is frequently in Alai-Pamirs” (Figure

1.1). The author in his book “The Duab of Turkestan” (pp.194-195) says:

“When a gentle slope of grit and shingle has been soaked like a sponge by rain
or melting snows there may come a time when it bulges out and slides off...
Slipping into channels and gullies this mass is mixed with more water, attains
a higher speed and carries away soft material as well as rocks which it finds on
its way. It is during this descent that the mudspate generally acquires its
characteristic composition, for only by movement can an even mixture of liquid
and solids be maintained. It is neither dry nor is there much free water, but the
whole mass appears like a rapid flush of mud, although frequently the rock

waste is so rough as not to suggest what is popularly called mud.”

Iverson (2014) reports that Rickmers’ term “mudspate” has faded from use in
the English language over the past century and the author proposes the use of
the term debris flow based on Rickmers’ view to describe mudflow like

phenomena.



Figure 1.1. Rickmers (1913) notes a steep channel as a “mudspate-track” within which
mudflows move in surges down in Veshab (nowadays in Tajikistan) in the Zerafshan
Valley (from “The Duab of Turkestan” page 199).

In some papers mudflows are also called mudslides (Figure 1.6 d-e) due to the
phenomenon of movement of soil mass “by shearing on slopes considerably flatter
than those corresponding to limiting equilibrium for residual strength on the sliding
surface and ground water coincident with and flowing parallel to the slope surface”
(Hutchinson and Bhandari, 1971). Large mudflows are referred by the
Indonesian term “lahars” which may occur during volcanic activity (“hot
lahars) or without eruption (“cold lahars”) due to the hydroclimatic factors
(Hungr et al.,, 2014) defined as pyroclastic flow (Yamao et al., 2016) in the

literature.



In recent studies mudflow is considered as a subclass of debris flow
containing mixture of water and grains of various sizes ranging from about
0.1um to above 200 mm (Table 1.2) which flows in to mountain streams after

heavy rainfall (Coussot, 1997) (Figure 1.6 a).

Table 1.2. Grain size classification based on data used by the International Society of
Soil (from Coussot (1997)).

Clay Silt Fine Coarse | Gravel Pebbles Boulders
sand sand
2um 20 um 200 pm 2 mm 2 cm 0.2m
Increasing particle diameter >

Hungr et al. (2014) use the term mudflow to describe a very rapid, sometimes
extremely rapid, surging flow of saturated plastic soil in a steep channel
involving significantly greater water content relative to the source material.
Based on controlling parameter, i.e., the Plasticity Index (I) of the material,
authors gradated the boundary between debris flow (I, < 0.05) and mudflow

(I,> 0.05 and I,> 0.5).

Based on information available in the literature relevant to the terminology of
mudflow this thesis means mudflow to be a flowage in which the water

content reaches up to 60% and has large amount of soil and silt particles that



moves down with a maximum velocity of 25-30 m/s depending on the terrain
topography (Zic et al., 2015). The speed of the fluid is highly affected by the
density and viscosity of particles and this reason will not allow a phenomenon
to flow as far as a streamflow. Mudflows are most common in arid and

semiarid regions (Blackwelder, 1928) and it causes great damage to life and

property.

1.1.2. Mudflow studies in Uzbekistan
1.1.2.1. Soviet and post-Soviet period

Fleishman (1978) contributed the term “selevie potoki”! (“ceaesbie moTokn” in
Russian) which means debris and mud flows in Soviet literature which is still
used as the main terminology for hazard flows in post-Soviet countries
including Uzbekistan. “Sel” cannot be fully equivalent to landslide as the
author does not consider the mechanism of other types of landslide associated
with topples, dry flows and falls which are included in Varnes classification.
Fleishman (1978) classification is easy to understand as the author mainly
focuses on velocity, concentration of solids and plasticity of the mass

movement (Figure 1.2).

1 “sel” (“ceap” in Russian and Uzbek) originated from the Arabic word of “sayl” (turbulent
flow)



| [ ' '

Figure 1.2. Fleishman classification of debris flows used in Soviet studies.

The first mudflow susceptibility mapping effort depicting the areas prone to
mudflow occurrences in Uzbekistan was investigated by Kochergo in 1960.
Such mudflow hazard zonation map (Figure 1.3) was included in the
encyclopaedia of Soviet Uzbekistan in 1982 by Babko (Perov, 2012).
Geographical information system (GIS) was widely used in the mudflow
database and mapping stage (Figure 1.4) by the next generation of scientists
(Trofimov, 2006). A national database of mudflow occurrences was generated
and published as catalogues during the Soviet (Kudishkin et al., 1967) and
post-Soviet periods (Chub et al., 2007). Mudflow rheology, dynamics and
various other hydrogeological characteristics of mudflow hazards in
Uzbekistan were carried out by Karpov et al. (1976), Trofimov (2006), Chub et
al. (2007) and others (e.g., Karpov and Pushkarenko (1968), Babko (1978),
Tulyaganov (1988), Isakova et al. (2009), Niyazov and Nurtaev (2013), Niyazov
and Nurtaev (2014), Juliev et al. (2017), Juliev et al. (2019)). Climatologists such

as Salikhova (1975) and Lyakhovskaya (1989) predicted mudflow occurrences



in river basins and mountain areas of Uzbekistan based on analysis of synoptic
circulation and remote sensing data. Mudflow occurrences under climate

change conditions was investigated by Chub (2007).
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Figure 1.4. Mudflow susceptibility map of Uzbekistan using GIS tools (Trofimov,
2006).



1.1.2.2. Mudflow studies in this thesis

Mudflows are amongst the most damaging and deadly natural hazards in
Uzbekistan. Data from the Centre of Hydrometeorological Service of the
Republic of Uzbekistan (Uzhydromet) suggests that mudflows were
responsible for over 38 deaths and damaged approximately 3000 households
and 5000 ha of the agricultural crop over the decade (2005-2014) in Uzbekistan
(Table 1.3, Figure 1.5). However, the incidence of damage may be much larger
as these events commonly occur in mountainous areas, in incised valleys and

in areas of otherwise low relief.

In the river basins of Uzbekistan, mudflows generally occur during the periods
of intense rainfall or rapid snowmelt. The consistency of the mudflow is
mainly water and mud (liquidity index >0.5, e.g. Hungr et al. (2001)) with loose
rock and other fragments, which flows down the hills and through the
mountain streams (Figure 1.6 a). The destructive power of a mudflow can be
greatly increased moving downhill due to the accumulation of water and
rocky mud. It can destroy riverbeds and banks of rivers, floodplains and even
low terraces above the floodplain and other objects in its path (Chub et al.,

2007) (Figure 1.6).

The period of historically documented mudflow events confirms that the areas

with a high passage of mudflow occurrences in Uzbekistan can be divided into
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five regions: Fergana Valley, the Zerafshan basin included in Zerafshan
Valley, the Surkhandarya, the Kashkadarya and the Chirchik-Akhangaran
rivers’ basins (Figure 1.5). From a geological point of view, mountain ranges
(western part of the Pamir-Alai system and western Tien-Shan) of the study
area are mainly composed of Palaeozoic limestones, granites, schists, marbles,
sandstones, conglomerates and partly igneous rocks (Petrov et al., 2017) as
well as shale and loess deposits forming weak surfaces of the low relief
hillslopes, especially in Fergana Valley, that are frequently prone to sliding

due to the interaction with water.

Mudflow occurences in
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Figure 1.5. Mudflow occurrences for the years 2005-2014 in areas with high
probability of mudflow passage in Uzbekistan: Zerafshan basin (blue dots) in central
part of the country; Fergana Valley (red dots) in the east; Chirchik-Akhangaran basin
(orange) in the north-east; Surkhandarya (green) and Kashkadarya (violet) rivers’
basins in the south of Uzbekistan. Map also represents political administrative
divisions and administrative centers/cities of the country.
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Precipitation is an important mudflow trigger (Huggel et al., 2012) in
Uzbekistan; however, snow cover and glaciers in mountain regions (Petrov et
al., 2017), slope instability and temperature (Huggel et al., 2010) are additional
factors. Other main factors such as antecedent rainfall (Glade et al., 2000, Sidle
and Ochiai, 2006) and rapid snowmelt (Kim et al., 2004) may further reduce
the slope stability, thereby enhancing potential of mud and debris flow

occurrences.

Rainfall records in high mountain regions are limited, reflecting the limited
number of meteorological stations in Uzbekistan; thus there are gaps in the
rainfall and mudflow data due to missing spatial and temporal information.
Furthermore, orographic effects on precipitation may not be captured
adequately by a single (or a few) rain gauges (Huggel et al., 2012). In the Alps,
precipitation is generally observed in mid- to high-elevation areas (Buzzi et
al., 1998, Huggel et al., 2012), similar to the mountain ranges (Tien-Shan, Alai
and Pamir) in Central Asia (CA); however, mudflows usually occur in lower
to intermediate elevations. Reviews on precipitation thresholds triggering
landslides indicate the magnitude of an extreme event (Glade, 1998, Guzzetti
et al., 2008) depends on the rainfall intensity and duration (Caine, 1980), the
local climate and orographic precipitation (Buzzi et al., 1998, Gheusi and

Davies, 2004), the geomorphologic structure of the area (Rosi et al., 2016), soil

12



characteristics (Yamao et al., 2016) and land use (Sidle and Ochiai, 2006,

Gravina et al., 2017).

Table 1.3 Mudflow disasters causing fatalities and other relative damages over the
period 2005-2014 in Uzbekistan (Data source: Uzhydromet).

® " Infrastructure damages Agricultural crops
o | 2 £
< e =)
Year | < g2 =~ <z B 2| 3 2 e e < £
g 5 E| < 2 2 El 25| & <) S e 2 <
o) = g @] © < o - N «n \: i) fém) Q Q
£ 2 £ z R A 3 c - 5 =
5 £ 2 % g =g 2 £ 2 g 5 O
Z 5 z = = E= I o 2 < Q
Z 3 o o =
2005 860 1 2 200 69
2006 7 175 2 152 165 118 22
2007 8 1 6 15 7 3 2 6
2008 7 413 1 0.3 5 49 747 261 123
2009 8 498 80 14 5 2 966 834 56 18
2010 8 41 6 2 7 5 3
2011 2 94 50 0.5 1 52 | 4835 | 318.6 | 0.12 | 10.1
2012 5 773 3 2.7 25 6 1 55
2013 1 31 0.012 2 6 3 200
2014 4
Total | 38 | 2893 | 135 10 68 25 5 177 | 2548 | 1655 | 174 | 382
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Figure 1.6. Photographs show mudflow events occurred in Samarkand? Kashkadarya®
and Surkhandarya* regions due to the intense rainfall between 13-14 May and 18-23 May
2018: mudflow passage in a small mountain river (a); damages in small scale agriculture
after mudflow passages (b, c), mudslides (d, e), damages in a village road and bridge
during the mudflow occurrence (f).
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1.1.3. Climate Modeling

General Circulation Models also known as Global Climate Models (GCMs for
both) represent fundamental global scale dynamic physical processes of the
Earth’s atmosphere, ocean and land surface. GCMs are based on equations of
numerical weather prediction (NWP) used to simulate changes in global climate
system due to temporal (annual to century) changes in greenhouse gas (GHG)
concentrations. State-of-the-art GCMs are coupled atmosphere-ocean models
(AOGCMs) representing key components of atmospheric system (such as water

vapour, effects of aerosols) and ocean along with sea ice and land-surface.

GCMs are structured in a three-dimensional (more precisely four-dimensional)
where dynamic core components of each system are parameterised. GCMs have
a horizontal resolution between 1 and 5 degree in latitude and longitude (about
100-600 km) and 10-20 vertical atmospheric layers and up to 30 layers considering
ocean. New generations of GCMs have improved the spatial resolution from
about 500 km in 1990 (FAR - First Assessment Report) up to 110 km in 2007 (AR4
- Fourth Assessment Report). Moreover, state-of-the-art CMIP5 (Taylor et al.,
2012) multi-model projection used in the IPCC (Intergovernmental Panel on
Climate Change) Fifth Assessment Report (AR5) has a finest horizontal
resolution in the atmosphere of around 70 km with 20-50 atmosphere levels.
Average spatial resolution or horizontal size of grid cells of about 200km is used
widely. In addition to horizontal resolution, GCMs have a temporal resolution
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i.e., “virtual weather stations” located at grid intersections and are typically run

with time steps in the range 0.5 - 3 hours.

Standard emissions scenarios presented in IPCC reports are used by the climate
modelling community as input for GCM simulation and to make projections of
possible future changes in climate system. These families of emissions scenarios
have become more comprehensive with over the years. The SA90 original
emission scenarios were replaced by the IS92 in the 1990s. Thereafter, the
integrated assessment modeling community developed the Special Report on
Emissions Scenarios in 2000 (SRES) which were in turn succeeded by the

Representative Concentration Pathways (RCPs) in 2010 (Hayhoe et al., 2017).

The present generation of GCMs, though have the ability to predict climate
change, are associated with significant uncertainty with regard to future climate
projections, especially at the regional scale. There are three distinct sources of
uncertainties in climate projections: 1) natural variability, 2) model-response, and
3) emission-scenario (Hawkins and Sutton, 2009, Knutti and Sedlacek, 2012,
Deser et al, 2012). Natural fluctuation of climate system is an unforced
component of any evolution in climate and is irreducible for a decade or so for
the longer-term trends (Hawkins and Sutton, 2009, Deser et al., 2012). Model
uncertainty known as response uncertainty arise from incomplete understanding

of natural processes and system and their representations in models (Knutti et
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al., 2017). Therefore, multiple models are developed in various research
institutions with the aim to simulate similar experiments (e.g. CMIP5 projection),
where individual developer make different but plausible choices of the processes
represented in their model (Parker, 2006, Knutti and Sedlacek, 2012). Uncertainty
in future emissions of greenhouse gases due to uncertainty in pathways of social
and technological development thereby increasing uncertainty in future
radiative forcing (Hawkins and Sutton, 2009). Such uncertainty is generally
addressed by making projections (rather than predictions) conditional on an

emission scenario (Knutti et al., 2017).

1.1.4. Downscaling of GCMs output and underlying assumptions

Atmosphere—ocean coupled Global Climate Models (GCMs) simulate the past,
present and future global climate on the bases of different climate change
scenarios. GCMs have typically coarse resolutions (~200 km) and hence they have
limited in its capacity to account and capture sub-grid or convective scale
parameters (Wilby et al., 1998, Kendon et al, 2017). Thus, downscaling
techniques are needed to bridge the issue of representativeness from the large
coarse spatial resolution of a GCM to the smaller scales (Maraun and Widmann,
2018) or even at the station scale (Kumar et al, 2014). Hence, different
downscaling techniques have been developed and they are broadly grouped

under statistical and dynamical approaches.

17



Statistical downscaling, also known as “empirical/statistical” or
“statistical/dynamical” uses statistical relationships to transform a GCM data
from large scale coarse resolution to finer resolution. The large scale atmospheric
variables, e.g., sea level pressure, geopotential height, precipitation, temperature,
solar radiation, humidity and wind are employed as “predictors” to regional or
local climate variables named “predictands” (Maraun et al., 2010, Smid and
Costa, 2018). The idea of statistical downscaling is expressed by Fowler et al.

(2007) in the following equation:

R=FX) (L1

where R is the local climate parameter which is subject to downscaling, X is the
large-scale variable or GCM data, and F is a function related to R and X which is

being validated by the use of observation or reanalysis data.

The performance of statistical downscaling approach depends on the choice of
domain (Wilby and Wigley, 2000) and applied techniques which are generally
classified into regression models, weather typing schemes and weather
generators (Fowler et al., 2007) each covering a range of methods (Figure 1.7).
Reyers et al. (2013) study is a good example of weather typing approach using
statistical-dynamical downscaling in which authors evaluated future changes of
large scale atmospheric circulation over Central Asia and its impact on rainfall

pattern in mountain areas of the region.
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Strengths and weaknesses of statistical downscaling methods have been
discussed in Wilby et al. (1998), Fowler et al. (2007), Maraun and Widmann
(2018), Smid and Costa (2018). The key strength of statistical downscaling
approach is that is easily transferrable to other regions and can be used to derive
climate parameters not available in RCMs. However, it requires a long-term and
reliable observed data for bias correction. The main weakness of statistical
downscaling is that it may underestimate the observed variance and represent

extreme weather events poorly.

Dynamical downscaling rely on data and physical processes which are dynamic
in nature and is similar in formulation to a global GCMs but at a higher resolution
(from 25-50 km up to 5 km) which span a limited regions (Kendon et al., 2014).
Dynamically downscaled data has been applied by Ozturk et al. (2012), Ozturk
et al. (2017) and Altinsoy et al. (2013) to assess future changes in seasonal mean
temperature and precipitation for the Central Asia domain using CORDEX

(Giorgi et al., 2009) and RegCM4 (Giorgi et al., 2012) regional climate models.

Although dynamical downscaling allows the user to model very high resolution
experiments and provide robust results for regional climate, the process entails
increased computational cost, needs large and comprehensive dataset and high
level of skills and expertise to interpret the results (Smid and Costa, 2018).

Moreover, these experiments require high frequency GCM outputs for boundary

19



conditions. Due to these practical limitations, the regional dynamical
downscaling models at kilometre-scale resolution remain out of reach for many
researchers, especially researchers in developing countries. In such cases,
statistical downscaling proves to be an advantageous and is useful alternative for
impact studies where issues with computational capability, technical expertise or

limited time exist (Trzaska and Schnarr, 2014).

GCM data

Weather MOS

Generators (Model Output
Statistics)

Tranfer
functions

Clustering

Stochastic CDF mapping

methods (Cumulative
Distribution Function)

Linear g Weather typing

am [Nonlinear [Ja  Analogues

Figure 1.7. Statistical downscaling methods (adapted from Smid and Costa (2018)).
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1.1.5. Manual and automatic weather circulation type classification

Classifications of large and synoptic scale circulation systems have more than a
century long history; the earliest classification of the complete pressure pattern
over the North Atlantic and Western Europe was developed in 1895 by Van
Bebber and Koppen. Through subjective manual procedures, authors
distinguished five main weather types and twenty subtypes in relation to the
position of anticyclonic and cyclonic movements from the earlier studies of Van
Bebber (Barry and Perry, 1973). Since then many regional synoptic classifications
of pressure and circulation fields have been developed. Based on the major
centre of action and pressure distribution at the surface (Baur, 1936; 1951) and
in the middle troposphere (Hess and Brezowsky, 1952), the concept of
Grosswetterlagen (GWL, Hess and Brezowsky, 1969) was developed and
applied to areas in Europe and eastern part of North Atlantic Ocean. The
Grosswetterlagen (GWL) catalogue has a set of 29 synoptic weather patterns each

with a specific definition.

Yoshino, in 1968 depicted a weather catalogue including six main circulation
types and a total of fifteen subtypes comparable to GWL catalogue for eastern
Asia (Barry and Perry, 1973). Another very ambitious endeavour of defining
weather circulation based on trajectory of anticyclones along three major axes
(normal polar, ultra-polar and Azores normal) to the territory of post-soviet
countries has been carried out by Mul'tanovski (1933). Lamb (1972) developed a
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synoptic scheme calendar of 27 possible weather types and categorised them into
seven principle types (anticyclonic, cyclonic, northerly, easterly, southerly,
westerly and north-westerly) of weather regime over the British Isles (Jones et al.,

2014).

A classification of eleven individual synoptic systems for the Central Asia
prepared by Giorgio and Bugayev (1936) and Bugayev et al. (1957) based on
overall movement of air masses associated with anticyclone and cyclone tracks

in synoptic scale.

The advances in computing and increased sophistication in meteorological tools
in recent decades have allowed for the development of global reanalysis datasets
in a regular grid and these have played a significant role in transfer of manual
schemes to automated synoptic classification methods (Sheridan, 2002, Vallorani
et al, 2018). Huth et al. (2016) documented fifteen objective classification
techniques that were collected in the COST (European Cooperation in Science
and Technology) Action 733 database and evaluated the extent to which the
classifications could be used to perform the weather system over the Europe. It
is worth saying here that the wide range of automotive algorithms for
classifications of weather regime is a key factor for the assessment of their
potential applicability (Vallorani et al., 2018) in identification of frequencies of

climate variables associated with weather system.
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1.2. Research gap

Experts believe that mudflow and landslide risks will increase in the future due
to the major reasons (Sidle and Ochiai, 2006, Clague and Roberts, 2012) of large
increase in global population and widespread anthropogenic activities in
previously sparsely populated mudflow and landslides prone regions,
specifically in mountainous areas. These twin factors are postulated to
significantly affect the magnitude, reactivation and frequency of landslide types
that occur in many parts of the world. Furthermore, future potential effect of
climate change characterised by increases in temperature, total precipitation and
rainfall intensity associated with atmospheric circulation characteristics will

increase the triggering mechanisms for landslides.

Population in Uzbekistan is forecasted to grow over the rest of this century (UN,
2017) with associated increase in human settlements and land use activities in
piedmont and mountain zones. However, it is beyond the scope of this thesis to
discuss in detail the whole mechanism of mudflow occurrences in Uzbekistan
taking into the consideration socio-economic-behavioural and policy aspects.
The focus of this thesis is mudflow response to atmospheric conditions notably,
major weather types and its cross linkages with precipitation climatology
initiating mudflow events in the study area. Moreover, there are relatively few

studies or peer-reviewed publications from English literature that have
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investigated atmospheric precursors of mudflow occurrences in Uzbekistan and
Central Asia. To the best of knowledge, there is no study that examines the
association between major weather patterns and mudflow occurrences in
Uzbekistan and Central Asia under current and future climate conditions by
running successive generations of atmospheric reanalysis and multiple climate
models. The research presented in this thesis highlights the importance of studies
investigating the association between atmospheric circulation and mudflow
occurrences and how this relationship will change under future climate change

scenarios.

1.3. Aim and objectives

The aim of this thesis is to investigate the relationship between extreme mudflow
events and mudflow triggering factors from synoptic to large scales under the
present climate for Uzbekistan and to explore the impacts of anthropogenic
climate change on mudflow triggering mechanisms by the end of 21st century

over the study area.

The aim will be achieved by addressing following research objectives:

Objective 1: To review the literature on mudflow events, to summarise relevant

details on climate modelling approaches to help identify research needs.
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Objective 2: To assess the main characteristics of the investigation area and

mudflow variability and to compile and analyse related data and methodologies.

Objective 3: To identify the link between the potential effects of synoptic and
large scale conditions and the occurrence of extreme hydro-meteorological
mudflow events in Uzbekistan by manual assessment of Synoptic Weather Type

(SWT) and automatic Circulation Weather Type (CWT) approaches.

Objective 4: To estimate the precipitation thresholds initiating mudflows

considering data availability and limitations.

Objective 5: To project the potential impact of future anthropogenic climate
change on major weather circulation patterns leading to the mudflow
occurrences in Uzbekistan in the end of century (2071-2100) based on statistical

downscaling of CMIP5 GCMs outputs.

Objective 6: To project the changes in precipitation thresholds inducing extreme
mudflow occurrences in the investigation area under the consequences of

increased GHGs scenarios (RCP8.5).

Objective 7: To summarise the findings and limitations of the study and discuss

future areas of research.

Objectives 3-6 are illustrated as a methodological flowchart in Figure 1.8.
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Figure 1.8. The schematic flow-chart of mudflow-climate modeling applied in this thesis.



1.4. Thesis organisation

In order to answer research objectives raised in section 1.3, the thesis content is

divided into 7 chapters structured as below.

Chapter 2: Study Area, Data and Methodology. This chapter gives details of the
study area along with the descriptions of qualitative data and their sources and

describes all adopted methods to investigate the objectives of the thesis.

Chapter 3: Subjective and Objective Circulation Weather Patterns and
Mudflow Occurrences. In this chapter, the role of synoptic and large scale
atmospheric processes for the formation of mudflow occurrences in Uzbekistan
has been investigated. Mudflow inducing weather conditions are identified by
two different methods, one is by using subjective Synoptic Weather Types (SWT)
classification derived from synoptic charts by national researchers and the
second is the automated Circulation Weather Types (CWT) approach based on
assessment of large scale atmospheric characteristics over Uzbekistan. Parts of

this chapter has been adopted from the article published in NHESS journal.

Chapter 4: Statistical Modelling of Precipitation Thresholds for Triggering
Mudflows. In this chapter, empirical-statistical approach of Antecedent Daily
Rainfall Model (ADRM) has been applied to investigate precipitation threshold

triggering mudflow for the study area. Furthermore, the chapter details the
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knowledge gaps and uncertainties related to assessing precipitation threshold
triggering mudflows in regional scale. The analysis presented in this chapter

forms a part of the paper that has been published in NHESS journal.

Chapter 5: CWT - Analyses of Present and Future Atmospheric Circulation

over Uzbekistan.

In this chapter, model outputs from CMIP5 projection are used to assess the
abilities of selected 10 GCMs to simulate the present day (1979-2005) pressure
field at 700 hPa and precipitation climatology over study area using CWT
approach including comparison to model results from the ERA-Interim
reanalysis data are presented. Based on RCP8.5 experiments the ensemble
outputs of selected GCMs of CMIP5 for the analysis of CWT variability on

seasonal timescales to identify the anthropogenic climate change signal.

Chapter 6: Mudflow Risk in Uzbekistan under Anthropogenic Climate

Change.

Chapter 6 continues from Chapter 5, where the simulated precipitation outputs
from 10 CMIP5 RCP8.5 experiments is projected in order to assess the future
mudflow risk in Uzbekistan using a combination of CWT, ADRM and statistical
transfer function (logistic regression model). The methodology used in this

chapter explains the potential impacts of climate change conditions on
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precipitation induced mudflow occurrences in Uzbekistan. Investigations in
Chapter 5 and 6 are prepared as a research article for publication in the Journal

of Climate.

Chapter 7: Conclusions and Outlook.

This chapter concludes the thesis by revisiting two central core findings of the
thesis, namely (1) to explore the association between atmospheric circulation
patterns and mudflow occurrences in Uzbekistan and (2) to investigate the
anthropogenic changes of air flow directions associated with precipitation
patterns as a good indicator on mudflows in the future. The final chapter also
summarises the most important findings of the thesis discussed in the earlier
chapters and provides recommendations and potential research topics which

merit further analysis.
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Study Area,
Data and Methodology

2.1. Study area

2.1.1. General climate conditions

In general, the climate in Uzbekistan is continental and semi-arid with hot and
dry summers and cold winters, sometimes severe with snowfall. Due to its
geographiclocation (between 37°-45°N and 56°-73° E), Uzbekistan has three main
climate zones: a zone of deserts and dry steppes occupying about 79% of the
territory, the foothills or piedmont zone, and the area of high mountains (Figure

2.1) extending over the remaining 21% respectively (Chub, 2007).

Chub (2007) confirms that the long-term climatology based on 50 stations data
(some series reach back to 1881) in Uzbekistan (Figure 2.2) shows that the mean
air temperature in July varies from 26°C in a greater part of the lowlands to 30°C
in the south and desert areas making it the hottest month of the year. The
maximum values can reach up to 45°C in the southern part of Uzbekistan. The
record temperature of 50°C occurred in Termez and the Kyzylkum Desert. The
coldest month is January when the mean air temperature drops to 0°C in the

south and can go below -8°C in the north of the country. The minimum
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temperature can be well below -40°C in the Ustyurt Plateau in extremely cold

years.
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Figure 2.1. Elevation map of Uzbekistan (Source: OCHA - United Nations Office for the
Coordination of Humanitarian Affairs).

The air temperature in the piedmont areas at an altitude from 300-400 to 600-
1000m is notably warmer during the cold season of the year and cooler in
summers than the plain areas of the country. With increasing altitude in the
mountainous regions, the air temperature drops 0.6°C per 100 m on average. This
is associated with the complex relief of the study area, e.g., cold air flow over
low-elevation, radiative cooling and wind speed (Bugayev, 1946, Chub, 2007,
Kurbatkin, 2009). However, the temperature may be colder in the bottom of the

valleys and intermountain basins due to frequent temperature inversions (Chub,
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2007). Figure 2.5 characterises monthly mean temperature patterns and
precipitation regime covering the 30-year period of January 1984-December 2013
inclusive, in five representative stations (Figure 2.2) namely: Gallyaaral (574 m),
Chimgan (1620 m), Mingchukur (2132 m), Baysun (1241 m) and Sokh (1200 m),

located in piedmont and mountain areas in Uzbekistan.
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Figure 2.2. Location of 80 meteorological stations in Uzbekistan (blue and red circles)
with available data (red circle) and representative 5 stations (red square) in this study.
Elevation source®: SRTM 90m Digital Elevation Database v4.1.

5 http://srtm.csi.cgiar.org/srtmdata/
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Figure 2.3. Annual mean temperature in Uzbekistan (Source: https://gadm.org/).
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Figure 2.4. Total annual precipitation in Uzbekistan (Source: https://gadm.org/).
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Figure 2.5 The 30-year means (1984-2013) of monthly temperature (°C, red line) and
precipitation (mm, green bars) at five selected stations, namely Gallyaaral in the
Zerafshan basin (a), Chimgan in the Chirchik—-Akhangaran basin (b), Sokh in Fergana
Valley (c), Mingchukur representing the Kashkadarya basin (d) and Baysun in the
Surkhandarya basin (e) with high occurrences of mudflow in Uzbekistan. The graphs
have different scales.

The amount and distribution of precipitation, as well as its seasonal variability,
greatly depends on the geographical location of the area (Figure 2.1), topographic
features (Figure 2.1, Figure 2.2) and the general characteristics of the atmospheric
circulation (Figure 2.6). In fact, several authors have identified moist air from the
Atlantic Ocean, the Mediterranean Sea and the Persian Gulf as the main large-

scale or regional climate factor for the precipitation regime in the country
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(Bugayev, 1946, Small et al., 1999, Inagamova et al., 2002, Chub, 2007, Schiemann
et al., 2008). The average precipitation distribution in Uzbekistan has a sharp
contrast between the plain and mountain areas (Figure 2.4). Mean annual
precipitation in major parts of the plains or deserts and dry steppes (Ustyurt
Plateau, Kyzylkum Desert, Karshi, Dalverzin and Golodnaya steppes) is about
80-200 mm. However, precipitation can be significantly greater in some
piedmont areas and the mountains, particularly in the north-east and the south-
east of the country. In fact, precipitation in areas with an elevation between 600-
1000 m or piedmont areas (Tian Shan and Gissar-Alay mountain ranges) can
reach up to 500 mm; above 1000 m elevation the annual totals may exceed 500
mm (Figure 2.4). In some hillsides, especially the western slopes of Tian Shan, it

may even be greater than 2000 mm (Chub, 2007).

Generally, the precipitation regime in Uzbekistan reveals a seasonal character
with wet conditions from October to May and a dry season with little or almost
no rainfall during the summer (Figure 2.5). Heavy precipitation events frequently
occur during the rainy season, especially in March and April. August represents

the driest month with the minimal amount of rainfall throughout the year.
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Figure 2.6. Seasonal MSLP (hPa) characteristics over Central Asia for the period 1984-
2013.

2.1.2. Mudflows in Uzbekistan

The earliest mudflow event induced by snowmelt and avalanches in Akhangaran
river basin was recorded in March 1870 (Lyakhovskaya, 1989, Chub et al., 2007).
The archive data of mudflow occurrences in Uzbekistan since then, the Soviet

period and after, has been collected and published as catalogues by Uzhydromet.

In this study, a century-long time series of the annual distribution of mudflows
was investigated in order to identify key factors contributing to extreme
mudflow occurrences. During the observation period (1870-2014) more than 3000

mudflow events have been identified in the river basins in the piedmont areas of
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Uzbekistan. Table 2.1 provides comprehensive information on the monthly

distribution of mudflows in five regions of the country.

Table 2.1. Monthly distribution of mudflow events in five regions in Uzbekistan.

= =
Basin Data < E é g‘ § i E %0 (% 8 Zg g § §
Fergana 1875- 8 21 34 292 605 462 218 67 2 0 2 0 1711 12
2014
Zerafshan 1872- 7 36 80 177 157 54 19 10 0 2 1 1 544 3.8
2014
Surkhandarya  1890- 0 0 20 151 146 63 7 0 0 2 0 0 389 3
2014
Chirchik- 1870- 1 3 31 91 64 17 19 7 0 0 0 0 233 1.6
Akhangaran 2014
Kashkadarya 1877- 0 3 12 92 42 9 0 6 0 1 0 0 165 1
2014
Total 1870- 16 63 177 803 1014 605 263 90 2 5 3 1 3042 21

2014

Mudflows with various magnitudes developing on the slopes of the study area
appear several times during the year with an average number of 21 extremes per
year (Table 2.1). The highest number of events was observed in 1930 with 167
mudflows followed by 161 mudflows in 1931, 144 episodes in 1963 and 108 events
in 2012 (Figure 2.7, Figure 2.8). An interesting point is that the 5, 11 and 21 years
moving average of mudflow events features a periodicity of approximately 30-
years, which repeated the highest peaks in the 1930s, 1960s and 1990s (Figure
2.7). The last peak period of mudflow activity occurred in the 2010s. This
signature of potential natural variability will pose an additional challenge for
investigation of mudflow cycles and their variability, under climate change
conditions. However, according to Chub (2007), apart from the natural causes the

number of recorded mudflows can increase due to several factors which often
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interact to generate mudflow occurrences in Uzbekistan. Social-economic factors
such as residential and industrial activities below unstable hillslopes accelerate
soil creep as well as accumulated materials in channels decrease the roughness
condition by overloading with fills which can potentially increase the probability

and impact of mudflows.

Count
5-Yr Rate
11-Yr Rate
21-Yr Rate

150 —

100 —

Mudflow Count / Rate

50 +

Figure 2.7. Variability in mudflow events in Uzbekistan (1870-2014). Vertical bars
present the mudflow observations for each year. The mean annual mudflow count (21)
is indicated in a solid continuous horizontal line (pink). Curves (red, blue, green) have
been fitted to the distribution for illustrative purposes and denote the 5-, 11- and 21-year
rates of mudflow occurrences.

More than 90% of all recorded mudflows were associated with extreme
precipitation events, hail and sleet whereas 6% of mudflow episodes were
observed during intensive snowmelt events (Figure 2.9) induced by respective
temperature and precipitation changes (Chub et al., 2007). Glaciers melting due

to increasing temperatures and mountain lakes outbursts (Petrov et al., 2017) and
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dam failures has been suggested as possible reasons to trigger further minor
mudflows (1.4%) in the study area (Figure 2.9). Approximately 80% of all
recorded mudflow episodes with different origins occurred during the period of

April-June (Figure 2.10).
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Figure 2.8. Histogram of mudflow occurrences in Uzbekistan.

Records confirm that mudflow events often affected the Fergana Valley
indicating the highest event frequency during the investigation period of 12
mudflow occurrences per year on average (Table 2.1). Salikhova (1975) and
Lyakhovskaya (1989) interpreted that due to its topographic feature, the Fergana
Valley was susceptible to constant mudflow passages. Geologically the uplands
in the Fergana Valley are mostly covered with loess loam which minimises water

infiltration and makes it receptive for even a small surface runoff to flush off the
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Figure 2.9 Reason for the formation of
mudflows in Uzbekistan (after Chub et al.

(2007)).

soil easily. This process

contributes to soil erosion

which ends with the formation
of mudflow episodes almost
every year from March till
August in the valley. In contrast
to the Fergana Valley, the

geological structure of the

mountain areas for the

following regions, namely, Zerafshan, Surkhandarya and Kashkadarya basins is

formed of effusive or volcanic rocks of the Palaeozoic age, which may cause more

debris flows rather than mudflow events (Table 2.2). Geo-morphologic factors
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Figure 2.10. Monthly mudflow frequencies (bars) for the years 1870-2014. Values over
the bars indicate the percentage of mudflow occurrences in a given month.
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can be useful to determine the general susceptibility of various lithologies to
landsliding in specific region (Sidle and Ochiai, 2006). There are more than 450
streams located in the river basins in the mountain and foothill areas in
Uzbekistan and it is fairly common to observe extreme mudflow occurrences in
multiple streams on the same day (Chub et al., 2007). For instance, on 15 April
1964 only in the Samarkand province (Zerafshan Valley) 22 mudflow episodes
were recorded in a single day (Lyakhovskaya, 1989). During the period spanning
from 1870-2014 up to 24 passage of flows were observed on 18 May 1991 in many

parts of the country.
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Table 2.2. Physiographic characteristics of the basins located in the study area.

Basin/Region  Highest Zone of Geology Soil Geomorphology
elevation mudflow
formation
Fergana in the north — 1000-2000  slate, conglomera  zone of high
Valley Chatkal, 4503m m limestones, tes covered  mountains
(Chatkal range, granites, by loess gradually changes
Uzbekistan); in schists loam to the hills with
the east — 1000-1800 m
Fergana, 4940 m altitude which
(Fergana range, surrounds the
Kyrgyzstan); in lowlands in the
the south - Pik valley in clockwise
Tandykul, 5544 direction from
m (Alay north-west to
mountains, south; the western
Kyrgyzstan) part is open
Zerafshan Chakyl-Kalyan, 900-2000 dark phyllite, volcanic
2835 m m marble, shale ash
(Zerafshan
range,
Uzbekistan)
Surkhandarya Khazret Sultan, 1500-2000  porphyry, volcanic region is
4643 m (Gissar m conglomerat  ash surrounded by
range, e, sandstone, high mountains
Uzbekistan) shale,
limestone
Chirchik- Adelung, 430Im  1200-3000  granites and  pebbly and = monotonous and
Akhangaran (Pskem m syenites loess mainly
mountains, mixture represented by
Uzbekistan) hills, mountains
and highlands
Kashkadarya  Gava, 4150 m 1000-2000  limestone, sandy clay  featured by steep
(Gissar range, m marble, and other slopes reaching
Uzbekistan) crystal continental ~ maximum
formations in  deposits elevations

shale, granite
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2.3. Data

The investigation is based upon two categories of datasets: ground observation

and the state-of-the-art reanalysis and GCMs experiments.

Observed daily meteorological variables recorded by Uzhydromet, such as
precipitation and temperature from the five meteorological stations (Gallyaral,
Sokh, Chimgan, Mingchukur and Baysun) located in the mountains and the
foothills with high mudflow passages were used to produce respective

climatologies.

In addition, historical data of Uzhydromet regarding mudflow occurrences in
Uzbekistan over the period 1870-2014 were analysed. National scale mudflow
database includes information such as the name of the water stream, location,
date of passage, the potential reason for the formation of the mudflow, a rough

estimate of the volume and major damages.

Data of the daily mean synoptic situation or local classification of Synoptic
Weather Types (SWT), which is available at Library Services and the Archive
Department of Uzhydromet as catalogues of six hourly (00, 06, 12, 18 GMT) data
manually derived from synoptic charts, was calculated to produce relative
outputs regarding mudflow inducing weather situations. The period considered

in this study is a warm season (March-August) of 1984-2013.
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In order to assess potential climatic drivers over Uzbekistan daily mean lower
atmospheric flow in 700 hPa geopotential height (GPH) fields by the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis
(Dee et al., 2011), spanning the period 1984-2013, was used to estimate the large-

scale atmospheric circulation. This gridded data set has 0.75° spatial resolution.

The daily mean Zzo outputs from 10 AOGCMs of the CMIP5 (Taylor et al., 2012)
projection are used in this study (Table 5.1). The daily outputs for historical (1979-
2005) simulation and future experiment (2071-2100) under the RCP8.5 scenario
are applied. For all models and experiments, only the first ensemble member

(rlilp1) is considered.
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2.4. Methods

2.4.1. Synoptic Weather Type

Investigation of atmospheric circulation over Central Asia first started in 1921 in
the Turkestan Synoptic-meteorological Institute in Tashkent (Aksarin and
Inagamova, 1993). The complexity and diversity of the regional atmospheric
circulation was identified soon after Bugayev and Giorgio developed and
simplified a model of airflow advection to explain for synoptic differences in the
1930s and 40s (Giorgio and Bugayev, 1936, Bugayev et al., 1957, Aksarin and
Inagamova, 1993). The founders of the Central Asian Tashkent Institute of
Weather Forecasters, Bugayev and Giorgio, had supervised research on synoptic
meteorology and the impact of orographic factors on CA’s climate for many
years. In 1947 scientists published the first findings of the statistical
characteristics of synoptic situations over the region for the cold period in the
newsletters published by the USSR Academy of Science (Sarimsakov et al., 1947).
After a decade, researchers summarised the studies on the atmospheric
circulation classification scheme for CA and had published it as a fundamental
monograph, describing the main atmospheric patterns as 11 SWT over CA
(Bugayev et al., 1957). This monograph is still being used as the main literature
study and guidelines on synoptic conditions in Central Asian countries mainly
in Uzbekistan (G.M.’s personal experience, Aizen et al. (2004)). Figure 2.11

provides a basic illustrative view of SWT classified by Bugayev et al. (1957)
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emphasizing the air mass source regions and their path to CA. In the early 1960s,
researchers at the Scientific Institute of Hydrometeorological Service of Uzbek
SSR (nowadays Uzbekistan) updated Bugayev and Giorgio’s classification from
11 to 15 types by including additional weather classes. Subjectively classified
weather types for all the years, except 2013-2014, over CA and Uzbekistan have
been published as registers of daily sequence of SWT in Ilinova (1968), Voynova
and Inagamova (1982) and Inagamova (1993, 2013). Table 2.3 provides
comprehensive information for these 15 primary SWT, describing weather
conditions on a synoptic scale in CA and particularly in Uzbekistan. Figure 2.12
shows the long-term seasonal distribution (1935-2014) of SWT within CA and

Uzbekistan.
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Figure 2.11. Scheme of synoptic weather types in Central Asia and Uzbekistan during
the cold (a) and warm seasons (b) of the year (after Inagamova et al., 2002). Blue and red
arrows indicate relatively cold and warm air trajectories approaching the investigation
area (grey background). Abbreviations and numbers of each weather type are explained
in Table 2.3.
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Figure 2.12. Frequency distributions of daily SWT by Bugayev’s classification during the
cold (September-February) and warm (March—-August) seasons in the period of 1935-
2014 years. Definitions of SWTs can be seen in Table 2.3.
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Table 2.3. Synoptic weather types (SWT) of Central Asia and general weather characteristics over the region and in Uzbekistan. SWT 1-9,
9a and 10-11 was classified by Bugayev et al. (1957); types 9b and 12-15 were added later by the researchers of the Hydrometeorological

Scientific Institute in Uzbekistan.

Central Asia (StC)
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Atlantic, tropical

Cod | Synoptic Weather Type . . .
Group ynop P Source region Air mass Characteristics
e (SWT)
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. Southern part of Caspian Sea, east of § tempe! o . .
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3 1 Mediterranean Sea, Mesopotamia, Northern part tropical . ;
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'g 8 rainfall especially in south-eastern mountain areas,
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2.4.2. Circulation Weather Type

The circulation weather type (CWT) initially based on the Lamb weather types
scheme for the British Isles (Lamb, 1972). Automotive approach developed by
Jenkinson and Collison and the basic details of use this classification were
provided by Jones et al. in 1993. It is very simple and easy to be applicable
regardless of the grid data density for the analysis of air circulation regimes in a
wide range of climate studies (e.g., Trigo and DaCamara, 2000, Prudhomme and
Genevier, 2011, Pattison and Lane, 2012, Ramos et al., 2014, El Kenawy and

McCabe, 2016).

The objective CWT catalogue is illustrated in Figure 2.13 shows how the pressure
values can be used to define the atmospheric circulation type on a daily basis for
Uzbekistan. Using calculations of total shear vorticity (Z), the resultant flow
strength (F), and direction (with an increment of 45°), the Lamb scheme can
provide information on the pure airflow direction (northerly, southerly, easterly,
westerly, north-easterly, north-westerly, south-easterly and south-westerly,
corresponding to N, S, E, W, NE, NW, SE, and SW) and non-direction type (i.e.,
cyclonic, anticyclonic) of the flow and hybrid types (CN, CS, CE, CW, CNE,
CNW, CSE, CSW, AN, AS, AE, AW, ANE, ANW, ASE, and ASW) and undefined
class (U). The southerly flow (SF), westerly flow (WF), total flow (F), southerly

shear vorticity (ZS), and westerly shear vorticity (ZW) are computed from

51



pressure at 700 GPH level at the 16 grid points (1-16) shown in Figure 2.13 using

the following formulas:

W=-(12+13) -2 (4 +5) @2.1)
S=174[3(5+2x9+13) —2(4+2x8+12)| (2.2)
F = (5% +WwW?)?/?2 (2.3)
Zw = -1.07[2(15+16) -3 (8+9)| - 0953 (8 + 9) -2 (1 +2)| (2.4)

zs= 1523 (6+2)x10+14) —2(5+2x9+13) -2 (4 +2x8+12) +

1
2B+2x7+11)] (2.5)
Z=7IW+ZS (2.6)
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Figure 2.13. Location of the grid points over Uzbekistan and Central Asia used in the
calculation of the CWT based on Jenkinson flows and vorticity. The allocated grid point
numbers are used in the equations. Black dot is the central grid point (40.0N-67.5E) used
in this study. The pressure value of the central grid point is not considered in the
equation.
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The following rules (Table 2.4) need to be taken into account in order to define

the appropriate weather circulation based on Lamb classification scheme.

Table 2.4. Circulation types defined by total shear vorticity (Z) and resultant flow (F).

Weather type acronym Calculation

Directional (N, NE, E, SE, S, SW, | |Z| <F

W, NW)

Cyclonic (C) |Z1 >2F,Z>0

Anticyclonic (A) |Z1 >2F,Z2<0

Unclassified cyclonic (UC) Z <mean annual Z,F < mean annual F,Z >0
Unclassified anticyclonic (UA) Z < mean annual Z,F < mean annual F,Z <0
Cyclonic hybrid (HYC) F<|Zl <2Fand Z>0

Anticyclonic hybrid (HYA) F<|Zl <2Fand Z<0

In this study, the CWT objective method generates a daily circulation database
based on ERA-Interim reanalysis for two time periods 1984-2013 (Chapter 3) and
1979-2005 (Chapter 5), as well as selected 10 GCMs from CMIP5 projection for
historical run (1979-2005) and future scenario (2071-2100) for 11 basic groups
(eight directional, two synoptic and unclassified types). Pressure values at 700

GPH level are considered for this study.

CWT approach is used as perfect prognosis statistical downscaling method
(Maraun and Widmann, 2018) to link the large scale predictors (circulation type
in this case) to local scale predictands (precipitation and mudflow occurrences)
calibrated to observational data. By this way it can be possible to apply to

predictors simulated by GCMs.
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2.4.3. Antecedent Daily Rainfall Model

In order to estimate the precipitation threshold causing mudflow events in the
study area, a combination of an empirical and a statistical models has been
applied: 1) Antecedent Daily Rainfall Model (ADRM) as the relationship between
antecedent rainfall conditions prior to an actual “rainstorm event” and the
rainstorm magnitude itself (Glade et al., 2000); 2) a logistic regression model
(LRM) as the relationship between an outcome (dependent or response) variable
and a set of independent (predictor or explanatory) variables (Hosmer and

Lemeshow, 2000).

The ADRM introduced by Crozier and Eyles (1980) defines landslide triggering
rainfall conditions for the Ottago Peninsula during 1977-1978. This model was
applied in many parts of the world to obtain the thresholds probability of
landslide occurrence on the basis of precipitation conditions (e.g. for New
Zealand by Glade et al. (2000), for Portugal by Zézere and Rodrigues (2002) and
Zeézere et al. (2005), for Sao Miguel Island (Azores) by Marques et al. (2008), for
Bangladesh by Khan et al. (2012), for China by Bai et al. (2014), etc.). The
advantage of this model lays in the substituting of soil moisture storage levels by
daily precipitation data. In the absence of real-time soil moisture measurements,
this model allows to predict the probability of landslides (Glade et al., 2000). The
antecedent rainfall model (Crozier and Eyles, 1980) is expressed by the following

formula:
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rao= kr1 + k?r2 + ... + k'rn (2.7)

where rao is the antecedent daily rainfall for day 0; r:is the rainfall on the day
before day 0; r«is the rainfall on the n th day before day 0; and k is a constant <1.0.
According to Davydov et al. (1973) and Bykov and Vasil'yev (1977) the k
parameter depends on the river morphometry and it varies from 0.7 to 0.9, and
0.5 in the case of a slack current. Crozier and Eyles (1980), following Bruce and
Clark (1966), used a value of 0.84 for the k factor, which is close to that used in
hydrological studies in North America, more precisely Ottawa (United States)
streamflow data (Glade et al., 2000). Due to missing data on regional hydrograph
recession curves in the study area, the constant decay factor, k in this research
was assumed to be 0.84 based on Crozier and Eyles (1980) and Crozier (1986). It
was also suggested by specialists at Uzhydromet (personal communication with
author) that k > 0.8 can be used for this study as it is used in the river catchments
in the mountain areas of Uzbekistan. Setting k=0.84 worked satisfactorily in the
ADRM to assess the triggering thresholds and mudflow probability in the study

area.

In the first step, daily rainfall totals of 30 years (1984-2013) recorded in five
representative stations (Gallyaaral, Chimgan, Sokh, Mingchukur and Baysun)
were used to assess the average probability of mudflow triggering thresholds.

The empirical model analysis consists of calculating the antecedent precipitation
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for 10 consecutive days. Daily rainfall observations provided by Uzhydromet
were used in this study and a period of 24 hrs was taken between 8 a.m. of the

previous day to 8 a.m. of the present day.

Finally, the results from the two different investigation strands were integrated
to estimate of each weather type as a proxy for the triggering mudflows by
applying a combination of CWT, ADRM together with LRM to produce the

precipitation threshold per CWT class.
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Subjective and
Objective Circulation
Weather Patterns and

Mudflow Occurrences

3.1. Introduction and background

Classifications of large and synoptic scale circulation systems have more than a
century long history; the earliest classification of the complete pressure pattern
over the North Atlantic and Western Europe was developed in 1895 by Van
Bebber and Koppen. Through subjective manual procedures, authors
distinguished five main weather types and twenty subtypes in relation to the
position of anticyclonic and cyclonic movements from the earlier studies of Van
Bebber (Barry and Perry, 1973). Since then many regional synoptic classifications
of pressure and circulation fields have been developed. Based on the major
centre of action and pressure distribution at the surface (Baur, 1936; 1951) and
in the middle troposphere (Hess and Brezowsky, 1952), the concept of
Grosswetterlagen (GWL, Hess and Brezowsky, 1969) was developed and
applied to areas in Europe and eastern part of North Atlantic Ocean. The

Grosswetterlagen (GWL) catalogue has a set of 29 synoptic weather patterns each

57



with a specific definition. Yoshino, in 1968 depicted a weather catalogue
including six main circulation types and a total of fifteen subtypes comparable to
GWL catalogue for eastern Asia (Barry and Perry, 1973). Another very ambitious
endeavour of defining weather circulation based on trajectory of anticyclones
along three major axes (normal polar, ultra-polar and Azores normal) to the
territory of post-soviet countries has been carried out by Mul'tanovski (1933).
Lamb (1972) developed a synoptic scheme calendar of 27 possible weather types
and categorised them into seven principle types (anticyclonic, cyclonic,
northerly, easterly, southerly, westerly and north-westerly) of weather regime

over the British Isles (Jones et al., 2014).

A classification of eleven individual synoptic systems for the Central Asia
prepared by Giorgio and Bugayev (1936) and Bugayev et al. (1957) based on
overall movement of air masses associated with anticyclone and cyclone tracks
in synoptic scale. This classification has been updated to fifteen synoptic weather
types and two subtypes in the light of increased amount of information available
from satellite images and upper-air data (Inagamova et al., 2002). Daily
catalogues of this synoptic weather type (SWT) classification are available from
1938 to the present. The main weather characteristics of this synoptic weather
scheme is presented in Table 2.3. The link between SWT and climate variables

and associated impacts have been investigated only by a few studies at the
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regional scale. Aizen et al. (2004) investigated the link between atmospheric
circulation patterns and firn-ice core conditions in Inilchek Glacier located in Tien
Shan Mountain system using SWT approach combined with linear regression
and correlation methods. These authors inferred that the most precipitation
generating weather patterns (SWT 10) as well as synoptic drivers (SWT 5, SWT
11) of dust storm and potential pollutants (ammonium and nitrate) affected to
the geochemistry of glaciers. Salikhova (1975) and Lyakhovskaya (1989) used
daily SWT classification and identified a direct link between major synoptic
patterns with mudflow occurrences in Uzbekistan. Both authors found that
westerly (SWT 10) and north-westerly (SWT 5) advections of moist air as well as
cyclones tracking from the south and south-west (SWT 1, 2, 3) resulted in extreme

mudflow events in the study area.

The advances in computing and increased sophistication in meteorological
tools in recent decades have allowed for the development of global reanalysis
datasets in a regular grid and these have played a significant role in transfer of
manual schemes to automated synoptic classification methods (Sheridan, 2002,
Vallorani et al., 2018). Huth et al. (2016) documented fifteen objective
classification techniques that were collected in the COST (European
Cooperation in Science and Technology) Action 733 database and evaluated the

extent to which the classifications could be used to perform the weather system
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over the Europe. It is worth saying here that the wide range of automotive
algorithms for classifications of weather regime is a key factor for the
assessment of their potential applicability (Vallorani et al., 2018) in
identification of frequencies of climate variables associated with weather
system. Numerous studies have investigated the link between large scale
weather circulations and extreme hydrometeorological events including
temperature (Vallorani et al.,, 2018, Linderson, 2001), precipitation (Trigo and
DaCamara, 2000, Lorenzo et al., 2008, Raziei et al., 2012, Gevorgyan, 2013, Ramos
et al., 2014), atmospheric rivers (Eiras-Barca et al., 2018), wind storms (Donat et
al., 2010), floods (Prudhomme and Genevier, 2011, Pattison and Lane, 2012, Teale
et al.,, 2017, Gilabert and Llasat, 2017, Rebelo et al., 2018), droughts (Fleig et al.,
2010, Russo et al., 2015), atmospheric pollutants (Laaidi, 2001), and heaths (Vanos

et al., 2015, Lee, 2015) in local or regional scale.

The ability of objective weather circulation methods to describe the Central Asian
climate have been studied by Reyer et al. (2017) and Gerlitz et al. (2018). Based
on Lamb catalogue, the circulation weather types (CWT) algorithm was used to
evaluate the relationship between atmospheric circulation and seasonal
frequencies of precipitation for Aksu river under climate change conditions

(Reyers et al., 2013).

60



Gerlitz et al. (2018) identified eight weather types (WT) over Central Asia and

analysed their relationship with tropical and extratropical drivers and

teleconnection modes by utilising k-means-based clustering algorithm applied to

mid-troposphere (500hPa GPH). Using this strategy, authors could evaluate the

regional circulation characteristics with regards to climate variables such as

temperature and precipitation.

Mudflows and weather

Subjective Objective

classification classification

Data analysis based on

WTLIPAATE Circulation
Weather Types Weather Types
(SWT) (CWT)

CWT and precipitation climatology

Link between

CWT and
mudflows

Identify rainy
group

Figure 3.1. Assessment of large scale
circulation and mudflow occurrences
(Objective 3).
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However, there is still lack of
investigations for Uzbekistan,
when compared to the number
and type of studies in Europe,
to determine extreme hydro-
meteorological events, such as
mudflows and  mudflow
generating weather patterns.
Thus, this chapter focus on use
of Synoptic Weather Types
(SWT) subijective scheme and
Circulation =~ Weather Type

(CWT) objective approach to

examine mudflow inducing



weather patterns in Uzbekistan. Figure 3.1 illustrates the overall methodological

approach of this chapter.

The research presented here is novel in that there are no studies which have
applied the objective CWT classification scheme to examine what atmospheric
conditions (focused on air flow direction) are involved in mudflow occurrences
in Uzbekistan. The desired outcome of this chapter is to eventually select
representative weather types which can be applicable to a large set of Coupled
Model Intercomparison Project Phase 5 (CMIP5) GCMs. That way the influence
of precipitation patterns on mudflow occurrences can be studied under climate

change scenarios across Uzbekistan and Central Asia in further investigation.

3.2. Data

3.2.1. Observed Data

Observed daily precipitation for the period 1984-2013 recorded by Uzhydromet
from the five meteorological stations Gallyaral, Chimgan, Sokh, Mingchukur and
Baysun (Table 3.1) located in the mountains and the foothills with high mudflow

passages were used to produce respective climatologies (Figure 3.4, Figure 3.5).

In addition, historical data of Uzhydromet regarding mudflow occurrences in
Uzbekistan over the period 1984-2013 (March-August) derived from the national
scale mudflow database was used to assess the relationship between extreme

mudflow events and weather characteristics. This data includes information such
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as the name of the water stream, location, date of passage, the potential reason
for the formation of the mudflow, a rough estimate of the volume and major

damages.

Table 3.1. The main characteristics of the meteorological stations in Uzbekistan used in
this study (Source: Uzhydromet)

. Latitude Longitude Elevation Establishe Used d,ata
Station WMO for this
°N °E (m) d year
study
1 Gallyaaral 38577 40.00 67.60 574 1929 1984-2013
2 Chimgan 38706 41.50 70.00 1620 1984 1984-2013
3 Sokh 38749 39.90 71.20 1200 1971 1984-2013
4 Mingchukur 38816 38.70 66.90 2132 1950 1984-2013
5 Baysun 38827 38.20 67.20 1241 1932 1984-2013

Data of the daily mean synoptic situation or local classification of Synoptic
Weather Types (SWT), which is available at Library Services and the Archive
Department of Uzhydromet as catalogues of six hourly (00, 06, 12, 18 GMT) data
manually derived from synoptic charts, was calculated to produce relative
outputs regarding mudflow inducing weather situations. The period considered

in this study is a warm season (March-August) of 1984-2013.
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3.2.2. Reanalysis data

In order to assess potential climatic drivers over Uzbekistan daily mean lower
atmospheric flow in 700 hPa geopotential height (GPH) fields by the European
Centre for Medium-Range Weather Forecasts (ECMWEF) ERA-Interim reanalysis
(Dee et al., 2011), spanning the period 1984-2013, was used to estimate the large-
scale atmospheric circulation. Additionally, zonal and meridional wind
components, specific and relative humidity on the same level have been analysed
to understand moisture source on mudflow days. This gridded data set has 0.75°

spatial resolution. Detailed description are provided by Dee et al. (2011).

3.3. Methods

3.3.1. Stations and Mudflow Events Selection

Stations namely Gallyaaral (574 m a.s.l.) located in Zerafshan basin, Sokh (1200
m a.s.l.) in Fergana Valley, Chimgan (1620 m a.s.l.) in Chirchik-Akhangaran
basin, Mingchukur (2132 m a.s.l.) representing Kashkadarya basin and Baysun
(1241 m a.s.l.) in Surkhandarya basin (Figure 2.3, Table 3.1, Figure 3.2 b-c) were
considered to investigate regional and local characteristics of the rainfall over
each basin with high mudflow passages and its adjustment areas. The
investigation area is limited to rain gauges located in the mountain areas, based
on the assumption that each station well represents hydro-climatologic

conditions of the basin and at the same time station data on rainfall accumulation
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process can capture mudflows within the radius of roughly 100 km. Regional and
local mudflow data was extracted from the national scale database for the warm
season (March-August) of 1984-2013 to evaluate the relationship between
mudflows and synoptic and large scale meteorological patterns. There were more
than 300 days with mudflow episodes during the investigation period. Each
mudflow event was placed within five areas based on information regarding the

geographical name of the evidence.

3.3.2. Synoptic Weather Type (SWT)

Subjective scheme of SWT (Bugayev et al., 1957) was adopted in order to
manually evaluate the relationship between synoptic weather patterns and
recorded mudflow occurrences in five areas with high mudflow passages in
Uzbekistan. Therefore, SWT database was created based on SWT daily sequences
sources contained in the previously published literature (Ilinova, 1968, Voynova
and Inagamova, 1982, Inagamova, 1993, Inagamova, 2013). In addition, daily
mean SWT sequence for summer (Mar-Aug) of 1984-2013 was extracted from the
database to assess the association between mudflow days and frequency of
synoptic scale circulation. R language code is used for calculation of SWT
climatological frequencies and its relation with mudflow occurrences over

Uzbekistan.
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3.3.3. Circulation Weather Type (CWT)

The classification of daily flow patterns was done by the CWT approach. It was
developed by Jenkinson and Collison (Jones et al., 1993) based on the original
Lamb weather types for the British Isles (Lamb, 1972). The basic method and
details of the scheme were provided by Jones et al. in 1993. The objective CWT
scheme makes use of three basic variables that define the circulation features at
the surface over the study region: direction of mean flow (D), the strength of
mean flow (F) and the vorticity (Z). This basic method can be applied to any
region with latitude ~30°-70° (Jones et al., 2013). For each day, the direction of
the atmospheric flow is determined by considering pressure values at 16 points
around the central point at 40.0°N-67.5°E (Figure 3.2 a), and is marked to one of
ten CWTs: northeast (NE), east (E), southeast (SE), south (S), southwest (SW),
west (W), northwest (NW), north (N), cyclonic (C), and anticyclonic (A). The aim
of applying this method is to estimate the impact of airflow on precipitation
patterns and its association with extreme mudflow episodes in Uzbekistan.
Furthermore, the CWT scheme allows to define atmospheric flow regimes
objectively to be applicable for Coupled Model Intercomparison Project Phase 5

(CMIP5) models data.

ERA-Interim reanalysis data on global pressure level at 700 hPa for the
climatological period of 1984-2013 was prepared using CDO (Climate Data

Operation) tool and was applied as an input data for CWT programme in
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FORTRAN code running under the Linux platform. Additionally, more than 300
days of daily mean pressure at GPH 700 hPa related to days with mudflow
occurrences in each basin has been selected from the climatological period in
order to identify directional air flow on mudflow days by implementing objective
scheme. All computational work has been done on LES-Linux Servers for High
Performance Computing (HPC) provided by College of Life and Environmental
Sciences (LES), University of Birmingham. Selected stations data on daily
precipitation provided by Uzhydromet has been used to assess the derived air
flow directions impact on precipitation regime in Uzbekistan. This part of the

analysis has been done using R core language.
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Figure 3.2. Location of the study domain together with the 16 grid points and central
grid point (40N-67.5E, red circle) used in the automated weather circulation type (a);
Investigation area (b) shown in rectangle and location of selected stations (black
triangles) around the central grid point 40.0 N-67.5 E (red circle) of CWT objective
method. Stations: Gallyaaral (40.02 N-67.60 E), Chimgan (41.57 N-70.00 E), Sokh (39.97
N-71.13 E) and Mingchukur (38.70N - 66.90 E); (c) ERA-Interim orography map and the
location of central grid point (red circle) together with representative five stations (black
triangles).

3.4. Results

3.4.1. Synoptic weather types over Uzbekistan and mudflow events

During the investigation period between 1984 and 2013, there were more than

300 days with mudflow occurrences in Uzbekistan. Figure 3.3 shows the
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frequencies of mudflow days for each synoptic weather type in five regions
(Zerafshan, Chirchik-Akhangaran, Fergana, Kashkadarya and Surkhandarya)
with high mudflow passage. According to the results, the majority of mudflows
occur during the advection of airflow from west (SWT 10) and low level of small
barometric gradient (SWT 13) in the study area. However, the SWT 13 is the most
frequent weather type in Fergana Valley (Figure 3.3 c) as the interaction of frontal
circulation with orography as well as the associated effects of condensation and
evaporation are assumed to determine the formation of low-level fronts and
small-scale rainbands (Buzzi et al., 1998, Inagamova et al., 2002) there. Stationary
cyclone type (SWT 8) is the second most frequent SWT triggering mudflow events
although in some regions it is not as prominent. Purely anticyclonic weather
types (SWT 9, 9a, 9b) constitute less than 15% of all events (Figure 3.3) even
though this weather type is the most frequent per year on average (Figure 2.12).
Cyclones propagating from the south-west (SWTs 1 and 2) towards the study area,
advection from north and north-west (SWTs 6 and 5), high level of small barometric
gradient (SWT 12) and synoptic wave activity on a cold front (SWT 7) contribute
also to significantly unstable weather conditions inducing mud and debris flows
(Figure 3.3). While the majority of SWTs were associated with regional or local
scale precipitation patterns, the summer thermal low (SWT 11) does not (Figure
3.3 b, ¢, d). Observations confirmed this SWT has triggered mudflows with

origins of snow and glaciers melting due to increasing surface temperatures.
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Figure 3.3. Frequency of mudflows under the synoptic weather types (SWT) over Uzbekistan during 1984-2013 (March-August): a)
Zerafshan basin (101 days); b) Chirchik-Akhangaran rivers basin (57 days); c) Fergana Valley (147 days); d) Kashkadarya basin (35 days);
e) Surkhandarya basin (44 days). Definitions of SWT can be seen in Table 2.3.
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3.4.2. Circulation Weather types over Uzbekistan and mudflow occurrences

3.4.2.1. CWT and precipitation climatology

In order to assess the impact of each CWT class on mudflow triggering precipitation
regimes, long-term daily circulation types and the corresponding daily values of

precipitation were analysed.

Figure 3.4 and Figure 3.5 show the seasonal distribution of the relative frequency of
the number of days and precipitation values for each CWT class during 1984-2013
for the five stations (Gallyaaral, Chimgan, Sokh, Mingchukur and Baysun) in total.
The column graphs in Figure 3.4 highlight the frequency of each weather class
(CWT days, %) as well as the relative contribution of each weather type to the total
recorded rainfall values (total precipitation, %) and the average daily precipitation
per CWTs (mm/day). The box plots in Figure 3.5 indicates the seasonal rainfall
statistics including 90" and 95% percentile of precipitation value within each CWT

class.

It is worth noting that on average the large-scale atmospheric circulation over
Uzbekistan and Central Asia is mainly dominated by westerly (W) weather type
throughout the year (Figure 3.4). The frequencies of W type shows the highest value
between 22-38%, depending on the season. The percentage of precipitation during

the W days ranges from 35% to 75% of the total annual precipitation per station. The
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spatial distribution of daily average precipitation up to 3-7 mm/day was associated

with the W flow for nearly all the stations (9-12 mm in Chimgan, Figure 3.4 b).

Cyclonic (C) and anticyclonic (AC) weather types feature with almost similar
frequencies (18%) in summer, however, C flow contributes roughly four times more
of the annual precipitation (up to 27%) and daily rainfall values (13 mm/d)
compared to the AC class. Even though AC circulation has higher reputation of the
circulation days in contrast to C type in the winter half of the year, the C days still
indicate higher values of precipitation pattern which makes this CWT one of the
wettest airflow. The 90" and 95 percentiles of the precipitation totals confirm this

(Figure 3.5).

South-westerly (SW) flow occurs from 6% to 13% during the year and contributes
10-22% of the precipitation totals (5% in Fergana Valley). Seasonal distribution of
weather types associated with easterly and southerly flows (E, SE and S) are up to
1.3 % per season and fairly variable throughout the year and produce little or almost
no rainfall, i.e. 0.2-0.5% or less than 1 mm/day. Another minor occurrences
associated with north-westerly (NW) circulation (1-3%) contributing
approximately 3% of the precipitation totals and 4 mm daily rainfall on average

depending on the area and the rain gauge data.

In comparison to other stations, the north-easterly (NE) and northerly (IN) weather

types have different precipitation patterns at Sokh station, Fergana Valley, during
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the warm season of the year (Figure 3.4 c and Figure 3.5 c). This is due to the location
and orographic pattern of the area (Figure 3.2 c) which makes these weather types
one of the wettest airflow throughout the year with frequent floods and mudflow

occurrences.

The impact of small-scale orographic features on weather types and rainfall
distribution is assumed to be one of the reasons for the notable seasonal variabilities
of the undefined weather type throughout the year. For illustrative purposes, an
ERA-Interim orography map confirming this has been included (Figure 3.2 c). An
important inclusion in this study was the CWT evaluation which highlighted the

spatial distribution of precipitation in Uzbekistan on synoptic scale.
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Figure 3.4. Contribution of CWT classes to the observed precipitation over the stations
Gallyaaral in the Zerafshan basin (a), Chimgan in the Chirchik-Akhangaran basin (b), Sokh
in Fergana Valley (c), Mingchukur representing the Kashkadarya basin (d) and Baysun in
the Surkhandarya basin (e) for warm (Mar-Aug) and cold (Sep-Feb) seasons for the years
1984-2013. CWT days - frequency of each class in percentage; % total precipitation -
contribution of each class to the overall precipitation; mm/day - daily average precipitation
per CWT. The figure has different scales.
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Figure 3.5. Box plots show daily precipitation (1984-2013) per CWT class in five
representative stations namely Gallyaaral (Zerafshan basin), Chimgan (Chirchik-
Akhangaran basin), Sokh (Fergana Valley), Mingchukur (Kashkadarya basin) and Baysun
(Surkhandarya basin). The blue and red lines represent 0.90th and 0.95th percentiles of the

precipitation for each class. The graph has different scales.

75




3.4.2.2. CWT and Mudflows

This section presents the analysis of the relationship between CWT classes and
mudflow occurrences in the investigation regions of Uzbekistan. Figure 3.6 shows
a comparison between mudflow events with CWT daily frequencies in March-
August, 1984-2013. For consistency, the central grid point (40.0N-67.5E) was
selected for investigation of 101 days induced mudflow occurrences in Zerafshan
basin, 147 days in Fergana Valley, 57 days in Chirchik-Akhangaran, 35 days in
Kashkadarya and 44 days in Surkhandarya basins observed in a warm season
during the period 1984-2013 (Figure 3.6). Interestingly, the Zerafshan (a), Chirchik
(b), Kashkadarya (d) and Surkhandarya (e) regions have similar patterns (Figure
3.6). However, complex orography and complicated topography affect the weather
systems and precipitation distribution are assumed to produce slightly different
results for Fergana Valley (Figure 3.6 c). The frequencies of W, SW, and C weather
types are considered as a “rainy” group with increased mudflow episodes
compared to the rest of the CWTs nearly in all five regions. There is also
considerable amount of NW circulation type associated with extreme mudflow
events in Chirchik and Surkhandarya basins (Figure 3.6 b, e). However, NE days
trigger more mudflows in contrast to SW flow which reveals a decrease in Fergana

Valley (Figure 3.6 c).

Figure 3.7 confirms that anomalies compared to the average occurrence of mudflow

days per C, W and SW classes are higher in comparison to normal CWT climatology
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during the warm phases of 1984-2013. The AC weather pattern has a noticeable
decline of mudflow frequencies compared to the climatological mean per CWT
class. NW flow is also attributed to the mudflow trigger weather class as it was
accompanied with heavy rainfall induced extreme mudflow events particularly in
the Chirchik-Akhangaran and the Surkhandarya basins and slightly in Fergana
Valley. During the investigation period mudflow events in the study area was
found to be highly unlikely for E, SE and S resulted, thus representing missing

values in the figure.

It is noteworthy here that the variability of C, W, SW and NW days in comparison
to all CWT days again show increased trends in mudflow probability and
corroborated all results mentioned above. Therefore it can be concluded that
appreciable weather classes (C, W, SW, and NW) are the main contributors to
observed mudflow occurrences for the study area and is in agreement with the

recorded precipitation distribution patterns.
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Figure 3.6. Frequency of CWT (700 GPH) climatology for the period March-August, 1984-2013 (red bars) and mudflow days (blue bars)

occurred in the Zerafshan basin (a), Fergana Valley (b), the Chirchik-Akhangaran (c), Kashkadarya (d) and Surkhandarya (e) basins in
Uzbekistan. Central grid point is 40.0 N - 67.5 E.
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Figure 3.7. Anomaly of mudflow days per CWT class (grey bars, grey axis, %) and CWT classes for mudflow days (red line, red axis, %) for
the March-August period between 1984 and 2013 in five regions: a) Zerafshan basin (101 days); b) Fergana Valley (147 days); c) Chirchik-
Akhangaran basin (57 days); d) Kashkadarya basin (35 days); e) Surkhandarya basin (44 days). Figure has different scales.



3.4.2.3. Large-scale circulation and hydroclimatological conditions triggering
mudflows

The large scale atmospheric flow directions over Uzbekistan have been analysed to
understand the synoptic conditions and moisture sources that enhanced rainfall
patterns resulting in extreme mudflow occurrences in the study area for the period

of 1984-2013.

A strong ridge extending from Central Asia to the Siberia assist in keeping the NE
circulation in confined to the study area as well as supported the Atlantic moist air
transport from Central Europe to Uzbekistan. At the same time, a trough located
downstream of the ridge played a significant role in keeping the moisture budget
by feeding with the tropical moist air through the Tibetan Plateau. This mechanism
supports persistent extreme rainfall patterns that exacerbated mudflow responses

in Zerafshan basin and Fergana Valley (Figure 3.8a, Figure 3.10a).

A subsequent trough sometimes associated with the existence of cyclone over the
Aral Sea and with strong SW flow brought moisture from the Mediterranean region,
the Arabian Sea and the Persian Gulf into the study area. This mudflow inducing
atmospheric pattern was the predominant source of rain associated with the most
devastating mudflow events occurred in Uzbekistan (Figure 3.8b, Figure 3.9a,

Figure 3.10b, Figure 3.11a, Figure 3.12a).
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CWT W days were the direct corridor extending from the Mediterranean region and
Central Europe that intensified Atlantic and Mediterranean moisture passage
towards the investigation area resulting in the massive formation of mudflows
induced by heavy rainfall patterns across Uzbekistan (Figure 3.8¢c, Figure 3.9b,
Figure 3.10c, Figure 3.11b and Figure 3.12b). W airflow direction was characterised
to be the dominant circulation weather pattern to trigger extreme mudflow events

in the study area.

A following, ridge over the Ural Mountains with extended axis to the northwest
supported more NW component and contributed the strongest precipitation
intensities in the region (Figure 3.8d, Figure 3.9¢c, Figure 3.10d, Figure 3.11c and
Figure 3.12c). Although, this large-scale atmospheric circulation flow brought
highly anomalous moisture from Central Europe and Western Russia into the study
area, there was still a chance for tropical moist air to reach the region that played a

crucial role during the early stage of the extreme precipitation events.

Furthermore, atmospheric conditions during the CWT N days were characterised
by the ridge with meridionally extended axis over the Ural Mountains and a trough
on the right side of the ridge with cyclone located over south-eastern Siberia (Figure
3.9d). This synoptic scale weather pattern was associated with precipitation events
induced mudflows especially in mountain areas of Zerafshan (Figure 3.8e), the

Chirchik-Akhangaran basin (Figure 3.9d) and Fergana Valley (Figure 3.10e).
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Strikingly, atmospheric circulation during the C days was influenced by a blocking
ridge across western Kazakhstan and a deep trough with low level cyclone existence
on the east side of the ridge (Figure 3.9¢, Figure 3.10f, Figure 3.11d, Figure 3.12d).
The blocking ridge assisted the cyclonic circulation by adding surge of continental
and tropical moisture that was able to produce strongest precipitation intensities
associated with most mudflow occurrences in the area. However, lower
tropospheric precursors during the cyclonic days in the Zerafshan Valley show that
the presence of the ridge is less prominent even though cyclonic circulation is

highlighted by the wind components (Figure 3.8f).

Anticyclonic weather type condition was characterised by a moderate ridge of high
pressure field associated with enhanced westerly and south-westerly flows in the
region over Uzbekistan (Figure 3.8g, Figure 3.9f, Figure 3.10g, Figure 3.11e and
Figure 3.12e). This hybrid circulation weather pattern persisted to transport
tropical-continental moist air towards the study area and was responsible for

localising heavy rainfall that contributed mudflow events there.

Inactive frontal zone in lower troposphere on synoptic scale over the region was
highlighted during the days with undefined flow direction. Orographic lifting with
some embedded deep convection was a key process associated with extreme rainfall
triggering mudflows during the days of undefined flow direction (Figure 3.8h,

Figure 3.9g, Figure 3.10h, Figure 3.11f and Figure 3.12f).
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This section documents large scale climatological aspects of mudflow occurrences
in Uzbekistan. Although significant results on atmospheric circulation patterns can
be made with CWT approach, it is desirable to investigate moisture source
trajectories and detailed analysis of extratropical forcing factors of the extreme

precipitation inducing mudflow events in a climatological context in the future.
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Figure 3.8. CWT north-east (a), south-west (b), west (c), north-west (d), north (e), cyclonic
(f), anticyclonic (g) and undefined (h) weather type characteristics on the mudflow days
occurring in the Zerafshan basin for the period of 1984-2013. ERA-Interim 700 hPa
geopotential height, relative humidity and wind component were used to produce this
figure. Red circle indicates the central grid point (40.0°N-67.5°E). Black contour lines
together with black dots show the area where the topography is above 2000 m further
corresponding 3000 and 4000 m.
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Figure 3.9. Same as Fig 3.8 but in the Chirchik—Akhangaran basin: CWT south-west (a), west
(b), north-west (c), north (d), cyclonic (e), anticyclonic (f) and undefined (g) weather type.
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Figure 3.10. Same as Fig 3.8 but in Fergana Valley: CWT north-east (a), south-west (b), west
(c), north-west (d), north (e), cyclonic (f), anticyclonic (g) and undefined (h) weather type.
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Figure 3.11. Same as Fig 3.8 but in the Kashkadarya basin: CWT south-west (a), west (b),
north-west (c), cyclonic (d), anticyclonic (e) and undefined (f) weather type.

87



75°N

75°N

60°N

45°N

30°N

30°E 45°E 60°E 75°E 90°E 30°E 45°E 60°E 75°E 90°E

75°N 75°N

B0°N

45°N { N 45°N

30°N

30°E 45°E 60°E 75°E 90°E

75°N

75°N

B60°N

45°N

30°N

30°E 45°E 60°E 75°E 90°E

10 20 30 40 50 60 70 80 80 100

Relative Humidity [%]

Figure 3.12. Same as Fig 3.8 but in the Surkhandarya basin: CWT south-west (a), west (b),
north-west (c), cyclonic (d), anticyclonic (e) and undefined (f) weather type.
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3.5. Discussion

3.5.1. Comparisons with previous assessments

3.5.1.1. SWT

Advection of moist and relatively cold air from the west, as classified in the SWT
classification by Bugayev et al. (1957), was revealed as the dominant synoptic
situation inducing mudflows. This result is consistent with the findings of Aizen et
al. (2004), thus confirming that westerly advection is the predominant synoptic scale
driver for precipitation climatology in Central Asia. Furthermore, the results
presented here complement those of Salikhova (1975) and Lyakhovskaya (1989)
who established that mudflow occurrences induced by heavy rainfalls associated
with westerly advection as the major synoptic pattern over Uzbekistan. This
analysis was done by adopting a manual assessment methodology of mudflow
generating weather conditions on synoptic scale based on SWT catalogues.
Historical synoptic charts are not yet fully digitised by the Uzhydromet, thus

manual assessment was the preferred methodology.

Limitations of SWT

Even though assessment of weather situations by means of SWT may identify
plausible synoptic scale flow characteristics triggering mudflows, this subjective

approach does not consider any mesoscale conditions over the study area.
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Therefore, additional information of smaller scale features such as terrain-induced

flow modulations (Stucki et al., 2012) merit further analysis.

3.5.1.2. CWT

The relationships and related variables explaining the spatial distribution of
precipitation, obtained by an objective CWT approach, defined the four weather
classes westerly (W), south-westerly (SW), cyclonic (C) and north-westerly (NW) as
the main drivers of precipitation characteristics on a regional scale. The interesting
thing is that similar results have been obtained previously for precipitation
generating weather patterns over Portugal and Iberian Peninsula (Trigo and
DaCamara, 2000, Ramos et al., 2014) and the most susceptible to causing floods in
UK (Longtield and Macklin, 1999, Pattison and Lane, 2012). This allows a positive

evaluation of the CWT method in principle.

Furthermore, CWT findings are in line with results from Reyers et al. (2013) who
evaluated spatial patterns and annual cycles of precipitation using CWT scheme for
Central Asia. Interestingly, the westerly airflow in Reyers et al. (2013) was split into
two subgroups, as W1 (distinct zonal flow) and W2 (negative 700 hPa GPH
gradient) and NE and E as well as SE and S were combined respectively. In general,
it was found that probability of precipitation was much higher for C, CWT W2, N

and SW airflows during the summer. However, the highest rainfall probability and
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precipitation amount was attributed to the seldom CWT NE/E weather type (Reyers
et al., 2013). In our study as well NE weather type despite its low frequency for the
selected grid point revealed the high probability of precipitation patterns that could
trigger mudflow events in Fergana Valley (Figure 3.4c, Figure 3.7c). Fergana Valley
which has a better representation of topography presumably makes a case of
particular interest with the findings in previous studies. According to Schiemann et
al. (2008) it can be assumed that on smaller spatial scales, the influence of
topography on precipitation climatology over Central Asia is paramount. Small et

al. (1999) and Reyers et al. (2013) both confirm this.

In addition, this study agrees with findings of Gerlitz et al. (2018), which found a
strong positive precipitation anomalies generated by the westerly wind field (WT7
and WTS; T[CA]) associated with westerly moisture flux over all of Central Asia.
These authors also confirm that south-westerly flows (WT5) associated with
increased advection of moisture tracking from the Arabian Sea, Persia Gulf and
Caspian Sea can intensify the spatial variability of precipitation over the target area.
North-westerly winds (WT6) mainly associated with dry weather could generate

rainfall anomalies in mountain regions of the Tian Shan and Pamir.
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Limitations of CWT

Pattison and Lane (2012) reported several limitations in use this classification over
the UK while applying this approach to investigate flood generating weather types.
Authors experienced that relationship between weather pattern and associated
climatological variable such as rainfall records was not always reliable. They also
noted that multiple weather types in different regions in UK occurred in a same day

and it made the system more complex to use.

In general, the ability of CWT to describe the large scale circulations on lower
troposphere over Uzbekistan performed satisfactory results. However, it produces
fairly high frequency of undefined weather classes showing a strong seasonality,
and particularly during summer relatively large amounts of precipitation (Figure
3.4, Figure 3.7). It could be possible attributed to the impact of mesoscale features
such as orographically induced lifting (Gerlitz et al., 2018) and frontogenesis, thus
variations of the atmospheric dynamics (Buzzi et al,, 1998). Gevorgyan (2013)
argued that objective circulation classification scheme does not always identify
frontal processes over mountain regions correctly, which makes the objective
scheme less suitable to classify differences in the atmospheric circulation in areas
with complex topography or when the sub-synoptic scale is effected by the
orography in elevated areas, even though the scheme is suitable for large scale

circulation patterns. Pattison and Lane (2012) also reported that objective method
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has a limitation to identify the details on meso-scale frontal and orographic systems

which effects on UK precipitation climatology.

3.6. Conclusion

In this chapter the link between extreme mudflow events in Uzbekistan and
atmospheric circulation associated with intense precipitation using multiple and
coherent systematic approaches has been examined. This is especially important as
only few studies have investigated atmospheric circulation conditions and
precipitation variability for different spatial scales over Uzbekistan. This chapter
specifically explores the research question: What are the main precipitation
supporting weather types inducing mudflows in the study area? The principal

findings of this study are as follows:

1. Concerned with basic analysis, rainfall for the period of March-August (1984-
2013) delivered by SWT 10 - westerly advection increased the mudflow
frequencies over the study area.

2. Objective CWTs that occurred on the days of extreme mudflow events for
the warm season of the period 1984-2013 were evaluated and it was found
that CWT C, W, SW weather patterns contributed the most to the seasonal

precipitation totals resulting in more mudflows in the study area.
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Manual assessment of SWT and computational CWT approach when compared
with other published papers (Reyer et al.,, 2017, Gerlitz et al., 2018) indicate that the
methodology adopted in this study produced robust results despite the orographic
influence on the study area. Overall the methodology developed can be used
reliably to examine the potential effects of atmospheric circulation on mudflow
events in Uzbekistan and Central Asia. More importantly, selected weather patterns
established by an objective CWT method can be a proxy to climate change
modelling to investigate how the key factors which influence the mudflow
triggering mechanism will change under anthropogenic climate change in the study

area.

Significant role of orography on the enhancement of precipitation associated with
atmospheric rivers or a seeder feeder mechanism resulting mudflow events in

Uzbekistan can be an area of future research.
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Statistical
Modelling of Precipitation

Thresholds for Triggering
Mudflows

4.1. Introduction and background

Rainfall patterns are responsible for triggering different types of landslides
including mudflows. Many investigators have attempted to establish the minimum
and/or maximum amount of precipitation which was likely to initiate extreme
landslide events for different parts of the world (review by Guzzetti et al., 2008).
Nel Caine (1980) did the pioneering work where the author proposed a global
rainfall-intensity duration (ID) threshold for shallow landslides and debris flows
based on 73 publications from different regions of the world and created generalised
standard logarithmic map known as Caine’s threshold curve. Thresholds for
landslides events using precipitation measurements obtained by physical (process-
based, conceptual thresholds) and empirical (historical or statistical) approaches
have been systematically reviewed by multiple authors, Guzzetti et al. (1999, 2007,
2008), Wieczorek and Glade (2005) in the last decades. Guzzetti et al. (2007) listed
124 regional and local (Figure 4.1) rainfall thresholds resulting in different types of

landslides (debris flows, mudflows, flash-floods etc.) including Caine method (ID)
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and normalized ID thresholds which were used for either for research purpose or
as a warning alert in operational systems. After a year, these same group of authors
updated the existing Caine threshold values (Figure 4.2) based on a global database
of 2626 rainfall events inducing shallow landslides and debris flows (Guzzetti et al.,

2008).

Figure 4.1. Location of areas for which precipitation characteristics initiating shallow
landslides or debris flows were available around the world (Source: Guzzetti et al. (2008)).
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Figure 4.2. Comparison between the global intensity-duration (ID)thresholds defined by: 1
- Caine (1980); 2 - Innes (1983); 3 - Clarizia et al. (1996); 4 - Crosta and Frattini (2001); 5 -
Cannon and Gartner (2005); 6 - and 7 - Guzzetti et al. (2008) (Source: Guzzetti et al. (2008)).

A comprehensive list of available rainfall thresholds initiation of landslides and
debris flows sorted by continents is given in the website® of the Research Institute

for Geo-Hydrological Protection.

6 http://wwwdb.gndci.cnr.it/php2/rainfall thresholds/thresholds all.php?lingua=it
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Based on literature reviews on precipitation thresholds (Table 4.1) and proposed
methods (Table 4.2) the antecedent daily rainfall model (ADRM) was selected as a
rainfall threshold model which defines relatively precise threshold and suits the
available data and objectives of this thesis. Furthermore, it was assumed that
outputs from Chapter 3 could be applicable to ADRM in order to test the most
important precipitation generating atmospheric circulation patterns (CWT C, SW
and W) resulting mudflows for the purpose of central proxy and preparatory factors
for Chapter 6. Figure 4.3 explains the main methodology for assessing the

probability of mudflow occurrences in the piedmont areas of Uzbekistan.

Table 4.1. Precipitation threshold triggering shallow landslides in some regions of the

world.
Area Rainfall threshold Method Source
Wudu, China >20 mm/day Antecedent daily Bai et al. (2014)
rainfall
Lisbon, Portugal >24 mm/day Antecedent daily Zézere and
rainfall Rodrigues (2002)
Abruzzo, Italy ~1.6-1.8mm/h Intensity duration Brunetti et al. (2010)
(ID) or Caine method
Shikoku Island, Japan | 40 to 120 mm/day ID method Hong et al. (2005)
Chittagong City, >40 mm/day ID method Khan et al. (2012)
Bangladesh
Colorado, US 1.0 to 32.0 mm/h ID method Cannon et al. (2008)
California, US 1.3 to 20.4 mm/h ID method Cannon et al. (2008)
Eastern Jamaica 2 to 93 mm/h ID method Ahmad (2003)
Durban Region, South | 100-150 mm/2h Critical Precipitation | Bell and Maud
Africa coefficient (2000)
Puerto-Rico 70 mm/h ID method Jibson (1989)

98




Statistical modelling
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Figure 4.3. Schematic flow-chart of the methodology to define the precipitation threshold
triggering mudflows (Objective 4).
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Table 4.2. Examples of statistical techniques used to establish precipitation thresholds for the initiation of landslides (types of landslides: A

—all, D — debris flow, S - slope, Sh — shallow landslides)

Method Area Land | Source Input variables Summary of findings Advantages Drawbacks
slide
type
Antecedent daily North Island of A Glade et al. | Antecedent rainfall Calculated thresholds are Easily calculated Model
rainfall model using New Zealand (2000) (mm), daily rainfall able to represent the regional | on day-to-day uncertainties due
logistic regression (mm) probabilities of landslides basis of rainfall to the quality of
approach occurrences on the basis of from landslide records
rainfall conditions meteorological and regional
records and can characteristics of
be used an early the area
warning
Empirical Dolomites, North- | D Bacchini Rainfall duration (hr), Obtained a threshold This threshold can | The threshold
relationship between | eastern Italy and rainfall intensity equation for debris-flow be used as an cannot be applied
landslides and Zannoni (mm/h), cumulative activity shows lower value early warning as a predictive
precipitation (2003) rainfall (mm), comparing with the signal in the tool
normalised rainfall (%), | thresholds proposed by debris-flow
normalised intensity on | other authors susceptible areas
Mean Annual
Precipitation (MAP)
(%)
Independent Italy and Abruzzo | A Brunetti et | Rainfall duration D (hr) | The new regional thresholds | The scheme can Heuristic
statistical approaches: | Region, central al. (2010) and the rainfall mean are lower than the new be applied for the | assumption used
Bayesian inference Italy intensity I (mm/h) national thresholds for Italy, | landslide warning | due to the
method and and lower than regional systems based on | uncertain events
Frequentist technique thresholds proposed by rainfall which was not
other studies for the measurements possible to
investigation area and forecasts quantify
Intensity—duration Yingxiu, D Ma et al. Rainfall duration (in hr) | Debris flows in the seismic It could be used as | Thresholds cannot
threshold method or Dujiangyan, (2017) areas present different I-D a prototype for be applied to
Caine (1980) method | Qingping, and thresholds depending on debris flows in other regions
Beichuan, local mean annual hourly areas affected
Wenchuan earthquake




10T

seismic region,

precipitation and debris

Taiwan supply conditions
Probability of San Donato and S Floris and | Accumulated rainfall Spatial distribution and It can be used to Model can be
rainfall-induced La Salsa Bozzano during the 180 days seasonal characteristic of the | set up early applied only in
landslide reactivation | landslides, (2008) (mm) precipitation can impact on warning system in | case of defining
method and Apennine, Italy the pore pressure variation case of taking into | the threshold for
Generalized Extreme account the return | deep-seated
Value model period of the landslides
landslide
Probabilistic and Huangshan Sh Huang et Accumulated Proposed method suggest Itis indeed a Due to the limited
empirical methods region, China al. (2015) precipitation (mm), four early warning levels suitable approach | datasets on
rainfall intensity (mm/ (zero, outlook, attention, and | to investigate landslides and
h), a numerical warning) and a rainfall shallow landslides | rainfall records,
constant threshold values resulting induced by the threshold
shallow landslides in rainfall identified in this
mountainous regions. study is for a
usage in the
regional basis
Empirical and San Francisco Bay | A Keefer et average annual A real time regional warning | It could be used as | Modifications and
theoretical relations region, California, al. (1987) precipitation (mm), system has been developed a benchmark for additional
between rainfall and | USA antecedent based on complex analysis systems in regions | developments on
landslide initiation precipitation(mm), and real-time monitoring the | susceptible to rainfall duration,
rainfall duration (hr), rainfall records from rain landslides soil moisture and
rainfall intensity gauges, precipitation forecast pore water
(mm/hr), critical from the National Weather pressures as well
volume of water (mm) | System and delineation of as
areas affected by landslides geomorphological
conditions are
needed to
consider
A novel algorithm to Sicily, Southern A Melillo et number of rainfall The proposed method Obtained Relative
define landslides Italy al. (2016) events per year (#), identified 29,270 rainfall threshold can be uncertainties exist

using bootstrapping
statistical technique

rainfall duration (h),
cumulated rainfall
(mm), mean rainfall

events (2009-2012) and
reconstructed 472 ED
(cumulated rainfall duration)

applied in an
operational early
warning system

for the shape
parameter that
defines slope of




01

and a frequentist

intensity (mm/h), peak

rainfall conditions as

the power which

method hourly rainfall intensity | possible triggers of the can effect
(mm/h) observed landslides. threshold line
Reconstructed rainfall events
divided into six categories
from “light” to “torrential”
that have resulted in slope
instabilities.
Subjective data Hungary Szabo Winter precipitation A strong correlation between | Subjective NA
analysis (2003) (mm), annual landslide processes and approach is valid
precipitation (mm) precipitation events is mainly for
identified. An old landslides | shallow and
reactivated by extreme translational
winter precipitation slides in case of
insufficient data
to apply for the
statistical
modelling
Intensity—duration Kagoshima, Yamao et Rainfall intensity Two scenarios of rainfall A useful tool for Similarities and
thresholds, regression | southern Kyushu, al. (2016) (mm/h), antecedent triggering landslides were predicting differences of
analysis, Japan precipitation index identified: long-term landslide landslide
homogenous slope (mm), slope gradient, accumulated rainfall and occurrences and triggering
stability assessment adjusted for shorter duration with high improving mechanisms
evapotranspiration intensity of storms. sediment disaster | (climate, slope
losses (mm), pore water | Precipitation characteristics prevention as well | gradients,
pressure response (h), and API (adjusted for as a signal of early | porosity, etc.)
wet soil density (mg evapotranspiration losses) warning system should be

md)

affect the hydrogeomorphic
processes that can affect
landslide occurrences in the
study area

considered before
the application of
the results to
other regions




4.2. Data

4.2.1. Observational data

Daily precipitation totals for the period of 1984-2013 recorded in five representative
stations (Gallyaaral, Chimgan, Sokh, Mingchukur and Baysun) were used to assess
the average probability of mudflow triggering thresholds. Daily rainfall
observations provided by Uzhydromet were used in this study and a period of 24
hrs was taken between 8 a.m. of the previous day to 8 a.m. of the present day.
Additionally, observation data on air temperature from the representative stations

for 30 years (1984-2013) is used for temperature analysis in this study.

4.3. Methods

4.3.1. Antecedent daily rainfall model (ADRM)

In order to estimate the precipitation threshold causing mudflow events in the study
area, a combination of an empirical and a statistical models has been applied: 1)
Antecedent Daily Rainfall Model (ADRM) as the relationship between antecedent
rainfall conditions prior to an actual “rainstorm event” and the rainstorm
magnitude itself (Glade et al., 2000); 2) a logistic regression model (LRM) as the
relationship between an outcome (dependent or response) variable and a set of

independent (predictor or explanatory) variables (Hosmer and Lemeshow, 2000).

The ADRM introduced by Crozier and Eyles (1980) defines landslide triggering

rainfall conditions for the Ottago Peninsula during 1977-1978. This model was
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applied in many parts of the world to obtain the thresholds probability of landslide
occurrence on the basis of precipitation conditions (e.g. for New Zealand by Glade
et al. (2000), for Portugal by Zézere and Rodrigues (2002) and Zézere et al. (2005),
for Sao Miguel Island (Azores) by Marques et al. (2008), for Bangladesh by Khan et
al. (2012), for China by Bai et al. (2014), etc.). The advantage of this model lays in the
substituting of soil moisture storage levels by daily precipitation data. In the
absence of real-time soil moisture measurements, this model allows to predict the
probability of landslides (Glade et al., 2000). The antecedent rainfall model (Crozier

and Eyles, 1980) is expressed by the following formula:

rao=kri+ k2 + ... + k'rn (4.1)

where rao is the antecedent daily rainfall for day 0; r1is the rainfall on the day before
day 0; r« is the rainfall on the n th day before day 0; and k is a constant <1.0.
According to Davydov et al. (1973) and Bykov and Vasil'yev (1977) the k parameter
depends on the river morphometry and it varies from 0.7 to 0.9, and 0.5 in the case
of a slack current. Crozier and Eyles (1980), following Bruce and Clark (1966), used
a value of 0.84 for the k factor, which is close to that used in hydrological studies in
North America, more precisely Ottawa (United States) streamflow data (Glade et
al., 2000). Due to missing data on regional hydrograph recession curves in the study
area, the constant decay factor, k in this research was assumed to be 0.84 based on

Crozier and Eyles (1980) and Crozier (1986). It was also suggested by specialists at
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Uzhydromet (personal communication with author of the thesis) that k > 0.8 can
be used for this study as it is used in the river catchments in the mountain areas of
Uzbekistan. Setting k=0.84 worked satisfactorily in the ADRM to assess the

triggering thresholds and mudflow probability in the study area.

In the first step, daily rainfall totals of 30 years (1984-2013) recorded in five
representative stations (Gallyaaral, Chimgan, Sokh, Mingchukur and Baysun) were
used to assess the average probability of mudflow triggering thresholds. The
empirical model analysis consists of calculating the antecedent precipitation for 10
consecutive days. Daily rainfall observations provided by Uzhydromet were used
in this study and a period of 24 hrs was taken between 8 a.m. of the previous day to

8 a.m. of the present day.

Finally, the results from the two different investigation strands were integrated to
estimate of each weather type as a proxy for the triggering mudflows by applying
a combination of CWT, ADRM together with LRM to produce the precipitation

threshold per CWT class.

4.3.2. Logistic regression model

In the next step, LRM was developed in order to estimate the relationship between
mudflow occurrences and daily rainfall and antecedent rainfall value. The LRM was
run in the freely available/open source R software environment. Mudflow

occurrence was treated as a dependent variable and 10 days of antecedent rainfall
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index and the rainfall value on the day with the mudflow event were used as
independent variables. The values of the variables were the input data for the LRM
algorithm to calculate the precipitation threshold equation and plot probability (P)
curves for P=0.1, P=0.5 and P=0.9. This approach is analogous to the one presented

in Glade et al. (2000).

Logistic regression is based on the idea transforming the predictand (mudflow in
this case) to a binary (or dummy variable), taking in the values zero and one

(Hosmer and Lemeshow, 2000, Wilks, 2011) expressed in equation 4.2:

_(Lifx;>c
X2 = {0, if x, <c (4.2)

where x2 is a binary variable (mudflow occurrence), x1 predictor (daily precipitation
and daily antecedent rainfall index), 1 is presence of mudflows and 0 can be

assigned if no mudflow is present.

Logistic regression technique is fit to binary predictands using log-odds, or logit,

link function g(p) = ln[ll_';p], yielding the generalized linear function is expressed in

the formulation of 4.3 and 4.4.

Di
In (E) = by + byxy + - + by (4.3)
— exp(bg+bix1++bgxg) _ 1 (4.4)
U 1+exp(bo+bixi++bgxk) 1+exp(—bg—b1x,——bgXxg) )

106



where pi is predicted value from the i th set of predictors, b is slope or gradient, x is
predictor variable, K is single predictor case, when by + b;x; — +00 exponential
function approach becoming large than the predicted value p;, in case by + b;x; —

—oo the pi approaches zero.

Equation 4.4 can be applied for an S-shaped curve yielding nonlinear function in

logistic regression analyses.

y
A (@) (b) ©) @
%
Qo
.
i Linear
.
3
S . )
N Quadratic _ Binary
3 Other Nonlinear
_—/ -’— X
Covariate

Figure 4.3. Relationship between the logit and a continues variable based on a) linear, b)
quadratic, c) other nonlinear or cubic, and d) binary function (adapted from Hosmer and
Lemeshow (2000).

Hosmer and Lemeshow (2000) suggested graphs for several different relationships
between logit and continues independent variable (Figure 4.3) fitting a linear model

which would yield a significant slope.
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4.4. Results

4.4.1. Application of ADRM for station data

The model results (Figure 4.4) show that minimum and maximum thresholds
boundaries with different probabilities of occurrence exist, but not all rainfall values
between the thresholds are associated with mudflow episodes. A daily rainfall
value 20.1 mm, from March till August (1984-2013), was selected for plots presented
in Figure 4.4. Following Glade et al. (2000), all rainfall days were divided into three
categories: days associated with mud and debris flows; days with no recorded
mudflows; and days with probable mudflow episodes. Events in the third category
or probable mudflows were not recorded in historical data. This category is applied
to those days when the rainfall value was similar or exceeded the precipitation
levels of days with recorded debris and mudflows keeping in mind that mudflow
event could occur but it might not be documented in historical records. However,
the summary of the daily precipitation value, which is recorded from 8 am till 8 am
of the next day might not tally with the day of the mudflow occurrences. Therefore,
mudflow passages were also assumed to be a probable variable as the information
regarding the exact time of the mudflow occurrence was not existed. Additionally,
the air temperature patterns in March-May were analysed for some meteorological
stations; for example, Chimgan located at more than 1600 metres altitude, which led
to the conclusion that the high precipitation events recorded were likely snowfall

periods which leaves very little possibility of mudflow passage. Hence, a probable
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mudslide event was not analysed for high altitude areas, even though high

precipitation values existed.

According to Figure 4.4, there is a 10% probability of mudflow events if the
antecedent rainfall value reaches 40 mm in the Gallyaaral station, approximately 60
mm in Mingchukur and 90 mm in Chimgan stations (Table 4.3). Interestingly, there
is always a chance that a rainfall event of sufficient magnitude could induce the
mudflows, even when the antecedent index is less than the levels above. The results
indicate that a weather type with a high level of relative moisture may provide
sufficient rainfall to trigger floods and mudslides even when the cumulative rainfall
value is close to 0 or soil moisture storage is in deficit. In contrast, after a long period
of accumulation of antecedent rainfall, which weakens the slope gradually, the
slope becomes more susceptible to the less value of rainfall on a given day and this
could trigger a mudflow event.

Some mudflow events were recorded when the rainfall level and antecedent rainfall
index showed less than 10 mm. This could be possibly induced by snowmelt due to
a joint occurrence of sudden temperature rises and rainfall. On the other hand, local
heavy rainfall events in the adjacent areas of the stations could induce the flows and
mudslides in the river catchment and hilly areas.

Figure 4.4 (c) shows that the Sokh station area located in the Fergana Valley is more

susceptible to extreme mudflow events; indicating that mudflow events are also
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influenced by the geomorphologic structure of the area. The 0.1 probability
threshold indicates that 10 mm of rainfall with antecedent conditions of less than 30
mm can trigger flash floods or mudflows in Sokh. It means that the threshold varies
in space and it is important to consider the regional characteristics of the research
area whilst applying the ADRM.

Table 4.4 provides logistic regression equations to the data from the five stations
which can be used to estimate the rainfall thresholds with different probabilities of
mudflow occurrences. For Chimgan station a cubic regression and for Mingchukur
a quadratic equation with probability curves proved to be the best fit, however,
probability envelopes of the linear regression worked satisfactorily for the data of
the other stations, namely Gallyaaral, Sokh and Baysun. Associated values of Chi-
squared test represented in Table 4.4 show the significance of model fitting for the

stations data.

Table 4.3. Threshold probabilities (10%, 50% and 90%) inducing mudflow events in 5
stations (Gallyaaral, Chimgan, Sokh, Mingchukur and Baysun); r. - antecedent rainfall
index (mm), r - daily rainfall value (mm).

10% 50% 90%
Station
Ta r Ta r Ta r

Gallyaaral <40 <20 <90 <40 <130 <60
Chimgan <90 <45 <110 <75 <125 <100
Sokh <30 <10 <70 <35 <115 <50
Mingchukur <60 <25 <85 <50 <100 <65
Baysun <60 <20 <95 <40 <130 <55
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Figure 4.4. Antecedent Daily Rainfall Model applied to the representative stations Gallyaaral (a), Chimgan (b), Sokh (c), Mingchukur (d)
and Baysun (e) for the period 1984-2013. Red lines and curves indicate 0.1, 0.5% and 0.9% probability threshold triggering mudflow
occurrences in respective regions. Equations from Table 4.3 used for calculation of the probability lines in selected stations.



Table 4.4. Rainfall threshold probability equations of mudflow occurrences in selected areas
(P — probability, r — daily rainfall, r.- antecedent rainfall, Pr(>Chi) - Chi-squared results to
the regions respectively).

Station Probability equation Pr(>Chi)
P
Gallyaaral log (ﬁ) =—-3.87+0.10*7r + 0.05 * 7, 9.402e-05
. P , ,
Chimgan log (ﬁ) = —5.84 + 0.082 * 1 + 0.099 * r, — 0.0015 * 72 + 0.00001 * v  1.455e-10
P
Sokh log (m) = —3.50+0.11 7 + 0.05 %17, 3.285¢-07
. P ,
Mingchukur  log (ﬁ) = —4.54 + 0.89 * 7 — 0.003 * 7, + 0.0008 * 1 8.036e-07
P
Baysun log (m) =—515+0.13 7+ 0.062 1, 8.835e-08

4.4.2. Application of ADRM per CWT

In this section, the ADRM fit for each CWT class is examined in order to identify
precipitation thresholds triggering mudflow events under each weather type for the
five stations (Gallyaaral, Chimgan, Sokh, Mingchukur and Baysun) located in areas
with high probability of mudflow events in Uzbekistan. For this purpose, all rainfall
days with an amount of 20.1 mm and the calibrated antecedent rainfall was divided
into each weather type. Observed mudflow events in areas were marked with the
weather types. Data for the summer periods (March-August) of 1984-2013 by using
CWT and ADRM together with LRM were used to construct mudflow triggering

precipitation threshold per CWT class (Figure 4.5).
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The probability envelopes on C, W and SW days in all stations show consistently
positive results each resembling regional overlaid threshold to trigger the extreme
mudflow event. Following the above named airflows, the antecedent rainfall index
associated with the AC circulation has sufficient magnitude to trigger mudflows
even when the antecedent index and the rainfall value are less than regional
threshold for Gallyaaral, Chimgan and Sokh stations (Figure 4.5). It is assumed that
AC hybrid, mainly anticyclonic westerly (ACW) and anticyclonic south-westerly
(ACSW) initiate significantly more mudflow probability than purely anticyclonic
flow. Another interesting observation is that the overlaid threshold probabilities for
mudflow events under the NW airflow in Chimgan, Sokh and Mingchukur indicate
that similar or less values of antecedent and daily rainfall records of regional
probability can trigger mudflow occurrence there. The NE (except in Fergana
Valley, Figure 4.5), E, SE and S flows had little or no precipitation to effect mudflow
cases in the study area. Threshold probability tests computed for rainfall data per

CWT for five individual stations over the period 1984 to 2013 are given in Table 4.5.

This study attempts to identify more sensitive weather types to trigger mudflow
events in Uzbekistan, using the CWT approach and antecedent rainfall model. The
relative importance of each CWT to induce mudflows varies considerably, and
includes antecedent rainfall index and the daily precipitation value. Results from

this study confirm that W, SW, C, NW and AC hybrid (associated with W and SW
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flows) are the main drivers of the interannual variability of precipitation patterns
and responsible for the rainfall induced mudflow cases depending on the regions
in Uzbekistan on a synoptic scale. This confirms the core findings of the synoptic
classification by Bugayev. The CWT objective approach proves to be a useful tool to

address questions of anthropogenic climate change with model data.
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Figure 4.5. Threshold probabilities initiating mudflow occurrencesper CWT class in the
stations namely Gallyaaral, Chimgan, Sokh, Mingchukur and Baysun (panel columns) for
the period of March-April 1984-2013. Black dot is a day without mudflow, green triangle —
days with probable mudflow, red triangle is a day initiated mudflow occurrences in the
study area. Red lines and curves indicate 0.1%, 0.5t and 0.9 probability threshold triggering
mudflow occurrences per CWT class.
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Table 4.5. Threshold probability (10%, 50% and 90%) values initiating mudflow episodes per CWT for individual stations in Uzbekistan;

ra - antecedent rainfall index (mm), r - daily rainfall value (mm).

Gallyaaral Chimgan Sokh Mingchukur Baysun
=
5 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90%
Ta r Ta r Ta r Ta r Ta T Ta r Ta T Ta r Ta r Ta r Ta r Ta r Ta r Ta r Ta r
< <
NE - - - - - - - - - - - - <10 ‘f‘ <70 | <20 ‘(1)2 <45 - - - - - - - - - - - -
<10 <10 <11 <12 <13
SW | <40 | <20 | <70 | <45 0 <60 | <80 | <80 | <85 0 <90 5 <40 | <18 | <65 | <30 | <95 | <42 | <70 | <30 | <85 | <50 | <95 | <70 | <80 | <20 0 <35 0 <50
<11 <13 | <10 <10 <12
W <40 | <20 | <70 | <40 | <95 | <55 | <95 | <50 5 <70 0 0 <25 | <18 | <50 | <40 | <75 | <55 | <60 | <30 | <85 | <58 3 <78 | <60 | <20 | <90 | <40 0 <50
<
NwW - - - - - - <60 | <20 | <70 | <40 | <75 | <65 | <40 | <10 | <60 | <20 | <85 | <30 - - - - - - <55 | <10 | <80 | <20 _(1)2 <30
> >
N - - - - - - - - - - - - <60 | <10 212 <35 212 <55 - - - - - - - - - - - -
0 0
<1 >14 214 | <1 <1 <11
C <30 | <20 | <60 | <50 | <90 | <70 03 <40 0 <75 0 50 <25 | <10 | <60 | <30 00 <50 | <58 | <30 | <78 | <60 | <90 | <88 | <45 | <25 | <80 | <45 5 <60
< < < < < < < < < <
AC | <40 | <15 <10 <40 <4 <70 | <85 | <40 <10 <60 <l <80 | <40 | <10 | <85 | <28 <12 <40 | <78 | <25 <10 <40 <13 <55 <12 <20 <14 <25 <14 <35
5 0 0 0 0 5 0 5 0 0
< > > < <
und - - - - - - <90 _(1)2 - - - - <55 | <8 _(1)2 <35 _(1)2 <58 | <60 | <15 | <90 | <25 _(1)2 <40 | <40 | <25 | <75 | <44 _(1)0 <60




4.5. Discussion and Conclusions

Concept of rainfall thresholds for inducing mudflows based on the daily rainfall
and antecedent conditions has been applied for many regions of the world. Bai et
al. (2014) suggested that if rainfall intensities and antecedent rainfall index exceed
20 mm then this condition is very likely to trigger debris flows in Wudu mountain
region in China. Guzzetti et al. (2008) documented that thresholds for mountain
regions generally require lower average of rainfall values that regions with a
Mediterranean climate. Glade et al. (2000) justify that ADRM technique applied to
Hawke’s Bay, Wairarapa and Wellington in New Zeeland indicate negative
relationship between daily precipitation and antecedent index (i.e, in the condition
of increased wet antecedent index, lower rainfall amount is required to trigger
landslides). Conversely, when the amount of rainfall is higher, less antecedent
rainfall magnitude is needed to induce landslides. For instance, study authors show
that 82 mm of rainfall and zero for antecedent conditions (at P=0.1 confidence
interval), as well as, 128 mm for antecedent conditions at zero daily rainfall value
required for Wellington; for Hawke’s Bay are 258 mm and 201 mm and for

Wairarapa the corresponding values are 190 mm and 175 mm.

By means of the antecedent rainfall model presented in this study it was identified
the regional differences in the probabilities of precipitation thresholds causing

mudflow events (Table 4.3, Table 4.4). However, sparse data on actual mudflows
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and uncertainty over probable mudflow occurrences could be the main factors
regarding the uncertainty in model building (Glade et al., 2000). Nevertheless, this
identified thresholds deliver reasonable and well justified results and forms a
benchmark for any further study for this region. The Antecedent Daily Rainfall
Model (ADRM) results further corroborate findings by Trofimov (2006) who used
Pearson correlations to calculate rainfall thresholds for triggering mudflows in
Fergana Valley. For Sokh area, he suggested a 0.5 probability of mudflow events
in case daily precipitation reaches 22.3 mm. This value falls in the lower envelope
of the 0.5 probability threshold identified for Fergana Valley in this study (Figure
4.4). However, regional thresholds cannot be applied easily to neighbouring areas
due to additional natural variables influencing mudflows such as geologic,
geomorphologic and hydrologic factors as well as slope aspect and land use.
Despite of the limitations, obtained thresholds can be used in local or regional civil
defence systems to provide early warning alerts and mitigate damages in currently

unprotected areas of Uzbekistan.

A desired focus of future work could be to validate the ADRM model and logistic
regression method by comparing the calculated probability values to measured
mudflow occurrences in the investigated area. Cross-validation techniques are
suitable to measure the performance of the prediction skill of the statistical model

(in this case logistic regression) by determining to what extent a training dataset fits
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the logistic regression outcome. Additionally, the widely used Brier’s “probability
score” can be used to evaluate the accuracy and reliability of logistic regression, as
it is basically used for binary events (in this case “mudflow happened” =1, or “no

mudflow” = 0).

A combination of three statistical approaches (CWT, ADRM and LRM) revealed that
when the W, C and SW directional flow classes occurred over Uzbekistan, the
higher precipitation amount (a characteristic of these directional flows) and
antecedent rainfall could trigger mudflow episodes and increase its magnitude and
probability. The findings of this attempt can be applicable to simulate mudflow risk

in Uzbekistan under the global warming conditions in Chapters 5 and 6.
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CWT - Analyses of

Present and Future
Atmospheric Circulation over
Uzbekistan

5.1. Introduction

For Central Asia, future projections of anthropogenic climate change have mainly
been focused on surface temperature and precipitation characteristics over the
region, which includes Uzbekistan. For instance, Ozturk et al. (2012, 2017)
investigated the impact of climate change results on seasonal variability of
precipitation and temperature over Central Asia under the framework of
Coordinated Regional Climate Downscaling Experiment (CORDEX) Region 8 by
using RegCM4 and RegCM4.3.5. Results obtained from the regional RegCM4 model
driven by the ECHAMS5 A1B scenario for the future (2070-2100) climatology of
Central Asia show relatively high warming trend in temperature (from 3°C up to
11.4°C on average) and a decrease in precipitation, particularly, in the southeastern

part of the domain (Ozturk et al., 2012). IPCC’s RCP4.5 and RCP8.5 scenario outputs
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for the HadGEM2-ES and the MPI-ESM-MR models downscaled by the RegCM4.3.5
climate projection for near future (2011-2040), mid-future (2041-2070) and far future
(2071-2100) in Ozturk et al. (2017) also show reasonably good agreement with the

outputs of previous study by Ozturk et al. (2012).

The high-resolution regional climate model (RCM) REMO has been implemented
over Central Asia by Mannig et al. (2013) in order to better understand the seasonal
cycle of precipitation and temperature under the anthropogenic climate change.
Downscaled ECHAMS5/MPI-OM A1B emission scenario indicates a warming of up
to 7°C in the northern part of Central Asia and mountain areas until the end of the
twenty-first century. However, climate change scenarios predict dryer summer
conditions in a large area of Central Asia and wetter cold seasons over the northern

part of the region and for most areas of the Tibetan Plateau.

Huang et al. (2014) projected future change in the annual precipitation over Central
Asia for the period 2011-2100 by applying CMIP5 (Taylor et al., 2012) GCMs under
the different emission scenarios (RCP2.6, RCP4.5 and RCP8.5). Authors found
increasing trends of the annual precipitation (over 3-9 mm per decade) for the
northern Central Asia, the Tian-Shan Mountains and northern Tibet by the end of
2100 when they compared with the previous investigations on climate change
signals over the Central Asia. The authors suggested that large scale atmospheric

water vapour fluxes and surface evaporation over the study region could be the
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possible mechanisms of the increasing changes in projected precipitation (Huang et

al.,, 2014).

Using the recent developments in the field of climate modelling, Malsy et al. (2012)
and White et al. (2014) investigated the impact of climate change on water resources
in Central Asia, including Uzbekistan. Malsy et al. (2012) found an increase in mean
annual water availability in most river basins of Central Asia by applying the large-
scale hydrology model WaterGAP3 driven by 3 GCMs ECHAMS5, IPSL-CM4 and
CNRM-CM3 under the two emission scenarios (IPCC-SRES A2 and B1) for the
future climate (2071-2100). However, in White et al. (2014) the water discharge is
projected to decline by 10-20% in the Amu Darya River basin by running the AMU-
WEAP model under the high emission scenario (A2) of CMIP3 GCMs. A warming
trend in summer temperatures up to 5°C and seasonal shifts in precipitation cycle
may lead to an increase in water demand of agriculture from the existing 10.6% to

16% for the Amu Darya basin by 2070-2099 (White et al., 2014).

Thereafter, Radchenko et al. (2017) projected the potential changes of runoff in
Syrdarya river basin in the Fergana Valley, Central Asia, by using dynamically
downscaled A1B SRES scenario for the period 2071-2100. An increase in annual
temperature from 3.7°C up to 3.9°C and increase in precipitation from 11% up to
13% (71-108 mm) was obtained for the future period 2071-2100 compared to the

baseline period 1971-2000 for the 18 investigated river catchments of Syrdarya
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basin. The likely cause was attributed to evapotranspiration increase driven by
changing trends in the temperature of the region (Radchenko et al., 2017). However,
the authors of the study reported that the annual runoff in the Fergana Valley will
likely reduce by 10%, even though an increase in runoff is estimated for non-
glaciered river catchments in the future. At the same time, a seasonal shift in runoff
to earlier phases was projected with an increase of winter-spring runoff between
44% and 107% and a decrease (12-42%) in summer runoff when irrigation water is

paramount importance for success agriculture in the Fergana Valley.

In many studies (Sorg et al., 2012, Kure et al., 2013, Sorg et al., 2014) the adverse
effects of global warming to the Central Asian glacier zones in the Tien-Shan and
the Pamir mountains have been evaluated. Based on glacio-hydrological Glacier
Evolution Runoff Model (GERM) and application of downscaled atmospheric data
from CMIP5 projection, Sorg et al. (2014) predicted a substantial glacier shrinkage
due to the increase of air temperature over the Tien Shan Mountains, considered to
be the water tower of Central Asia (Sorg et al., 2012) and its effects on the water
availability until the end of the century. Furthermore, Kure et al. (2013) used three
GCMs (CCSM3, CSIRO, and ECHAMS) emission scenarios together with watershed
hydrology model (HEC-HMS) and concluded that the consequent increase in

snow/ice melt rates in glacier-fed Pamirian rivers (Pyandj and Vakhs) is expected
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until about 2060 and from about 2080 onward the small glaciers of Pamir Mountains

will start to disappear.

Moreover, increased risks due to climate change and its negative consequences on
farming and food productivity over Central Asia by application of SRES A1B and
A2 greenhouse gas emission scenarios of Intergovernmental Panel on Climate
Change (IPCC) have been recently investigated by Sommer et al. (2013) and

Bobojonov and Aw-Hassan (2014).

Lioubimtseva and Henebry (2009) and Xenarios et al. (2018) have reviewed the
existed literature on anthropogenic climate change impact on Central Asia and
adaptation measures considering temperature and precipitation projections for the

region.

These studies aside, there have been relatively few investigations focusing on the
projected changes in large scale atmospheric circulation as a main driver of
precipitation extremes over Central Asia under the global warming conditions.
Zhao et al. (2018) simulated subtropical westerly jet (SW]) stream and its effect on
the projected precipitation over Central Asia for the summers for the period 2071-
2100 by using of 25 CMIP5 models. By applying the empirical orthogonal function
(EOF) method, these authors revealed the strength and position of SWJ in the future
over Central Asia. According to the ensemble results from CMIP5, Zhao et al. (2018)

explained the SW] axis shifting further south over Central Asia which will result in
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more summer rainfall in most of northern part of the region and northwestern
China in the future, however, authors found uncertainties regarding future

precipitation changes in the rest of the Central Asia.

Hitherto only Reyers et al. (2013) studied the link between weather system and
precipitation frequency and its magnitude for the Aksu river basin in Central Asia,
considering CWT approach as a controlling factor for future climate change
scenarios. CWT representatives which were dynamically downscaled with the RCM
COSMO-CLM4.8 forcing ERA-40 reanalysis for historical simulation coupled with
the future scenarios of the ECHAMS5/MPI-OM1 models, the authors projected the
changes in precipitation climatology over the Aksu basin until 2100. Outputs of
statistical-dynamical approach show a decrease in annual precipitation over large
parts of the Aksu river basin in Tien Shan Mountains and an opposite sign is defined

to the southeast of the investigation area.

In relation to Europe and other continents, many studies have investigated the large
scale atmospheric circulation as a main driver of precipitation extremes by
employing the weather patterns approach using CMIP5 models for the last few
years. Santos et al. (2016) identified eight weather types by simulation with 22
CMIP5 GCMs which were downscaled by weather typing over the Western Europe.
Considering the radiative forcing projections under the RCP8.5, authors have

inferred the increase (decrease) of a particular weather type frequencies and
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associated precipitation over the Western Europe by the end of the century. Similar
methodology is applied to simulate and project the changes in French weather
pattern seasonal frequencies using 26 GCM ensemble from CMIP5 by Brigode et al.
(2017). Authors found strong simulated frequency of WP2 (western oceanic
circulation) and WPS8 (anticyclonic type) weather patterns that potentially lead to a
dryer climate over France. The gradual decrease in the frequency of WP2 which is
associated with rainy days and increased occurrence of non-rainy WP8 days are

projected for the future summers in the study region.

The projected changes in weather type frequencies over the Arabian Peninsula were
performed using different emission scenarios (RCP2.6, RCP4.5, RCP8.5) and multi-
model ensemble from the CMIP5 database (El Kenawy and McCabe, 2016). Based
on results of emission scenarios, El Kenawy and McCabe (2016) predicted an
increase in rainfall patterns associated with cyclonic and easterly weather types and
a decrease of anticyclonic circulations with lower amount of precipitation in winter
by the end of the century. All studies suggest that projected changes in large scale
circulation can be robust indicators to investigate not only the precipitation
climatology, but it would be beneficial for a wide range of climate change impact
assessments and predictions of extreme events such as frequency and intensity of
flooding and droughts, water resources and agricultural production under the

global warming trends.
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In general, studies indicate that CMIP5 models with higher resolution can better
capture the circulation patterns and associated precipitation. The challenging
problem of quantifying the effect of large scale circulation on landslides is
considered only in few analyses. Schmidt and Dehn (2000) and Schmidt and Glade
(2003) using simple statistical downscaling technique named as analog method
(Zorita and Storch, 1999), analysed links between climate change and landslides in
Wellington, New Zealand. By means of analog approach, the large-scale
atmospheric circulation simulated by a GCM is usually compared to the historical
observations and by this way the most similar condition is defined as its analog.
Based on analog downscaling approach, a local precipitation scenario can be
derived from observation data and GCM simulations, in order to apply the analogs

to project landslide triggering precipitation scenario.

Large scale atmospheric circulations have been suggested to be the main driver of
precipitation extremes in investigations (Reyers et al., 2013, Santos et al., 2016, El
Kenawy and McCabe, 2016, Brigode et al.,, 2017) which used weather patterns
approach with application of the CMIP5 models, the results of these studies provide
inspiration to postulate that extreme rainy atmospheric circulation type can be a
good indicator for mudflow frequency and intensity for the future in Uzbekistan.
Taking into account the climate change studies on atmospheric circulation, in this

chapter an attempt has been made to construct and analyse the projected changes
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of large scale atmospheric circulation defined on a daily basis as a diagnostic tool
for a more comprehensive dynamical interpretation of precipitation driving
mechanisms and its association with mudflow frequencies in Uzbekistan. General

methodology applied in this chapter is illustrated in Figure 5.1.

CMIP5
700 hPa GPH
Historical simulation Emission scenario (RCP8.5)
1979-2005 2071-2100

Downscaling technique

Weather typing method (CWT approach)

Projection of future atmospheric circulation

|.

Model validation Projected CWT

Figure 5.1. Schematic flow chart of the methodology used in this chapter (Objective 5).

5.2. Data

5.2.1. Reanalysis of geopotential height field

The ERA-Interim global atmospheric reanalysis data (Dee et al., 2011) is applied as

reference for the historical period, 1979-2005. Only one geopotential height field at
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700 hPa (Zzo hereafter) is considered in this study. The gridded data set has 0.75°
spatial resolution (approximately 80 km) and 12 hr temporal resolution. The daily
mean Zzo has been considered for the historical period. Reanalysis data is available

at ECMWEF’s meteorological archive’.

5.2.2. CMIP5 GCM geopotential height field outputs

The daily mean Zzo outputs from 10 AOGCMs of the CMIP5 (Taylor et al., 2012)
projection are considered in this chapter. Table 5.1 reports main characteristics of
each GCM, such as climate centre and acronyms, resolution and representative

references, experiment type and covered time period of available outputs.

The daily outputs of two different experiments are applied:

1. The “historical” experiment or a simulation of the recent past under the
historical forcing which is available for the years 1950-2005.
2. The Representative Concentration Pathways “RCP8.5” scenario or the high

radiative forcing surplus at approximately 8.5 W/m?from 2006 to 2100.

For all models and experiments, only the first ensemble member (rlilpl) is

considered in this chapter. The time period for historical simulations evaluated in

7 https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
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this study is 1979-2005 and for the future scenario is 2071-2100. CMIP5 data used in

this chapter is available on CEDA® and CERA® online archives.

5.3. Methods

5.3.1. CWT classification of the historical and future experiments

The daily mean Zo historical and future experiments data from 10 selected GCMs
of CMIP5 multi-model projection are interpolated using bilinear interpolation onto
the same horizontal resolution as the ERA-Interim reanalysis. Therefore, CMIP5
GCM outputs are statistically downscaled to define the frequency of each weather
type by CWT approach (Jones et al., 1993) previously described in Chapters 2 and
3. Daily CWTs are computed using the daily low tropospheric pressure and airflow
directions (AC, C, N, NE, E, SE, S, SW, W, NW, undefined) and which are
determined by considering 16 grid points around a central point located (40.0°N-

67.5E°) over Uzbekistan.

5.3.2. Bias correction and climate change signal

CWT seasonal frequencies of historical experiments from CMIP5 GCMs are

substantially biased compared to real climate data (ERA-Interim reanalysis in this

8 http://data.ceda.ac.uk/badc/cmip5/data/cmip5/outputl/
9 https://cera-www.dkrz.de/WDCC/ui/cerasearch/
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case). This is calculated by the following equation (5.1) adopted from Maraun and

Widmann (2018):

Biasg(Z700) = Omoa(Z700) — Oobs(Z700) 5.1

where, Biasg(Z;qo) is a systematic difference between a historical simulation of
GCMSs 01,04 (Z700) for the period of 1979-2005 and an observed data 68,,5(Z¢,) for

the same period as a model data.

The CWT projection for the 10 CMIP5 GCMs ensemble scenarios constructed as a
seasonal rate per CWT class attributable to climate change signal calculated by the

formula (5.2):

ACWT(Z700) = CWTsce(Zmo) - CWTpres(Z700) 52

where, Acyr(Z700) is burden of CWT frequency attributable to climate change, CWT
is a frequency per airflow direction, CWT..(Z7¢0) is the CWT frequency for the
years 2071-2100, CWTyyes(Z790) CWT frequency for the present time period 1979-

2005.
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Table 5.1. CMIP5 GCMs characteristicsincluding acronyms, modelling centre name, experiment type, time period of data availability, model grid
resolution, and a representative reference.

Model name  Model abbreviation Climate centre Acronym for Calendar Experim  Time period for this study GCM Reference
the climate ent control scenario resolution
centre (lat x lon)
ACCESS1-0 Australian Community Commonwealth Scientific and CSIO proleptic ~ RCP8.5 1979-2005 2071-2100 1.9x1.21L38 Bi et al. (2012)
Climate and Earth-System industrial Research CAWCR, gregoria rlilpl
Simulator, version 1.0 Organization/Bureau of Meteorology, Australia n
Australia
bcc-csmi1-1 Beijing Climate Center, Beijing Climate Center, China BCC, CMA, 365 day RCP8.5 1979-2005 2071-2100 2.8 x2.8 126 Wu et al. (2014)
Climate System Model, Meteorological Administration, China China rlilpl
version 1.1
CMCC-CM CMCC-CM CMCC - Centro Euro-Mediterraneo per ~ CMCC, Italia standard RCP8.5 1979-2005 2071-2100 0.75 x0.75 L31 Scoccimarro et
i Cambiamenti, Italy rlilpl al. (2011)
CNRM-CM5  Centre National de Recherches  Centre National de Recherches CNRM- standard ~ RCP8.5 1979-2005 2071-2100 14x14L31 Voldoire et al.
Météorologiques Coupled Meteorologiques (CNRM), Franceand =~ CERFACS, rlilpl (2013)
Global Climate Model, version  Centre Europeen de Recherches et de France
5 Formation Avancee en Calcul
Scientifique (CERFACS), France
GFDL-CM3 Geophysical Fluid Dynamics Geophysical Fluid Dynamics NOAA-GFDL, 365 day RCP8.5 1979-2005 2071-2100 2.5x2.01L148 Donner et al.
Laboratory Climate Model, Laboratory (GFDL) at National United States rlilpl (2011)
version 3 Oceanic and Atmospheric
Administration (NOAA)
HadGEM2- Hadley Centre Global Met Office Hadley Centre, United MOHC, UK 360 day RCP8.5 1979-2005 2071-2100 1.9 x1.2 L60 Martin et al.
CcC Environment Model, version Kingdom rlilpl (2011)
2, Carbon Cycle
HadGEM2- Hadley Centre Global Met Office Hadley Centre, United MOHC, UK 360 day RCP8.5 1979-2005 2071-2099 Jones et al.
ES Environment Model, version Kingdom rlilpl (2011)
2, Earth System
IPSL-CM5A-  L’Institut Pierre-Simon Institute Pierre Simon Laplace, France IPSL, France 365 day RCP8.5 1979-2005 2071-2100 3.7x191L39 Dulfresne et al.
LR Laplace Coupled Model, rlilpl (2013)
version 5A, low resolution
MIROC5 Model for Interdisciplinary Atmosphere and Ocean Research AORI- standard ~ RCP8.5 1979-2005 2071-2100 1.4 x1.4L40 Watanabe et al.
Research on Climate, version 5  Institute (The University of Tokyo), NIESJAMSTEC rlilpl (2011)
National Institute for Environmental , Japan
Studies, and Japan Agency for Marine-
Earth Science and Technology, Japan
MPI-ESM- Max Planck Institute Earth Max Planck Institute for Meteorology, MPI-N, proleptic ~ RCP8.5 1979-2005 2071-2100 1.9x19 147 Zanchettin et al.
LR System Model, low resolution =~ Germany Germany gregoria rlilpl (2013)

n




5.4. Results

5.4.1. Model validation. Historical experiments of seasonal CWT frequencies
simulated by CMIP5 GCMs

The effects of large scale atmospheric circulation over Uzbekistan have been
examined by evaluating GCMs ensemble to simulate the historical CWT frequencies
for the warm and cold periods of 1979-2005. The seasonal frequencies of CWT are
generally well simulated by applying statistical downscaling procedure. Figure 5.2
presents ERA-Interim outputs and historical experiments of seasonal distribution
for each weather type simulated by the GCM considering RCP8.5 emission scenario.
Based on the findings of the statistical downscaling, compared to the observational
data (ERA-Interim in this case) most models capture the seasonal frequencies of

CWT as same as in observation or with small discrepancies.

Figure 5.3 summarizes the frequency changes calculated between ERA-Interim and
GCM historical experiment for the period of 1979-2005. From the ten selected
models ACCESS1-0, HadGEM2-ES, HadGEM2-CC and MPI-ESM-LR represent
nearly realistic outputs of CWT frequencies for the historical period with less than
5% of changes for each CWTs for the warm and cold periods of the year. Only NE
flow (6.5%) in March-August is overestimated by both HadGEM2 models also C

days (7%) in September-February is increased by MPI-ESM-LR.
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In contrast, bcc-csm1-1 model performs the CWT frequency differences
significantly throughout the year. This model overestimates (10-12%) the frequency
of cyclonic days and underestimates (8-18%) the undefined circulation type over the
historical period. Therefore, this model overestimates the NE airflow (7.2%) in

summer and SW flow (6.7%) in winter period of the year.

The CCMC-CC model simulates well and underestimates slightly only the days of
undefined flow direction in March-August (7%) and September-February (5.3%).
Further remarkable results between observation and biases achieved by simulation
of CNRM-CM5 with minor decreases on C days in summer (6%) and W flow in

winter (6%).

GFDL-CMS3 overestimates slightly the W days (6.8%) in winter and C days (6.9%)
in summer, as well as underestimates AC (5.8%) and SW (6.2%) airflow directions
in winter. This model also is similar to most of the models and reproduces the
decrease of undefined weather type (5.9%) especially in the warm phase of the year.
However, IPSL-CM5A-LR underestimates AC (5.9%), undefined weather type
(6.7%) in summer and overestimates W airflow during the warm (11.2%) and cold
(11.8%) phases of the year. The frequencies of C days (7.2%) in a warm period is
underestimated and W days (10.6%) in cold phase of the year is overestimated by

MIROCS.
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The correlation distributions of the CWT frequencies of each GCM for the warm
and cold periods of the year show that historical experiments of selected models
match well with the observation (Figure 5.4). However, bee-csm1-1 differs from the
other models and observation and significantly maintains CWT changes and
uncertainties, especially in warm season of the year. Therefore, it is reasonable that
historical simulation of CWT frequencies of selected models can reproduce

accurately, to a great extent, the large scale atmospheric circulation over Uzbekistan

and CA.
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Figure 5.2. Seasonal frequencies of ERA-Interim reanalysis and 10 GCM historical

experiments for each CWT for the period of 1979-2005.
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Figure 5.3. Seasonal differences between historical experiments in the selected 10 CMIP5
models and ERA-Interim reanalysis (1979-2005 GCM minus 1979-2005 ERA-Int) over
Uzbekistan at 700 hPa GPH.
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Figure 5.4. Pearson correlations between CWT frequencies of ERA-Interim and selected 10
GCMs historical experiences of CMIP5 projection over the study area for the March-August
(red circle) and September-February (blue) of 1979-2005 years.

5.4.2. Future projections of CWT frequencies

The effects of changes in large scale atmospheric circulation frequencies over
Uzbekistan and Central Asia the end of this century 2100, under RCP8.5 scenario
(Figure 5.5), is explored in this section. Figure 5.6, Table 5.2 and Table 5.3 display
the changes in the CWT frequencies in lower troposphere (Zz0) over the study area

(2071-2100 minus 1979-2005).

The results of CMIP5 GCMs suggest that CWT W direction will become more
frequent and increase up to 4.5% in the target period of 2071-2100. Of the 10 GCMs
selected, only the bcc-csm1-1 model shows that W airflow will decrease (-0.8 %)

during the period of September-February in the future.
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7 GCMs of the 10 diagnose that the CWT C weather will be actively increasing in
the warm season up to 2.6%. The bcc-csm1-1 model and IPSL-CM5A-LR show that
cyclonic days will be less frequent in summer (-1.9% and -4.4%). In contrast to the
warm period, the cyclonic circulation will be less active during the cold season
(September-February) in the future; only ACCESS1-0 and HadGEM2-CC models
highlight that C days will be stronger by increasing its frequency up to 2.3% in the

winter for the 2071-2100 period.

CWT AC days will decrease up to -4.5% in the warm phase, however, there are
model uncertainties for the cold period of the year. In contrast to the CWT AC days,
the CWT SW airflow will decrease in cold season of the year and there are model
uncertainties during the warm season in the future. The three models, ACCESS1-0,
HadGEM2-ES and HadGEM2-CC show increase (from +0.3% to +1.7%), whereas the
remaining seven models show decrease (from -0.4% to -1.9%) in the SW circulation

lower troposphere during the summer for the 2071-2100 period.

The projections of the ensemble of CMIP5 models show that NE and N atmospheric
circulations will decrease, especially the NE type show a decrease of up to -2.5%
(March-August) over the study area in the future. The CWT E, SE and S days will
remain at the same level or change by #0.6% in the 2071-2100 years. Model

uncertainties exist for the CWT NW flow direction with the amount of +1% in the
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future. Due to the topography, the undefined weather type is projected to increase

(4.3%) notably in warm phase of the year.

In general, based on the CMIP5 GCMs ensemble results it can be predicted that
CWT frequencies and magnitudes will not change in some cases (CWT SE and S),
as ensemble mean has clear anomalous results with maximum seasonal variation
+2.3% in the diagnostic period of 2071-2100 (Table 5.2 and Table 5.3). However, it
can be concluded that CWT C and W directions will be stronger during the warm
phase and it is important to link these airflows to mudflow occurrences associated

with named circulation patterns in the future.
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Table 5.2. Climate change signal for the warm season of March-April (2071-2100 minus
1979-2005) in the CWT frequencies in each weather class and for each model (for the
expansions of model abbreviation and acronym see Table 5.1).

Circulation Weather Type (CWT)

Model name

C AC NE E SE S SW W NW N Und
ACCESS1-0 03 -2 25 -03 0 0 |12 01 0
bcc-csm1-1 -1.9 0.4 -0.8 -0.3 0 -0.1 = -0.5 -0.4
CMCC-CM 9 -12 01 -02 0 -0.9
CNRM-CM5 07 0 0 07 11 -01
GFDL-CM3 05 0 01 0.2
HadGEM2-CC 06 01 -01 02 03
HadGEM2-ES 06 0 01 03 01 0
IPSL-CM5A- 02 -01 -01 07 EENEM 0.7
LR
MIROC5 02 0 01 07 0.4
MPI-ESM-LR 01 0 0 | 04 0.4
Ensemble 03 -002 -01 -03 - -0.04
mean
-5.0 -4.0 -3.0 -2.0 -1.0 0 1.0 2.0 3.0 4.0 5.0

Table 5.3. Same as Table 5.2 but for the period of September-February (2071-2100 minus
1979-2005).

Circulation Weather Type (CWT)
C AC NE E SE S SW NW N Und

W
ACCESS1-0 | 28 08 -01 04 01 -02  -14 13 05 01 -
0.4
0.9

Model name

bcc-csm1-1 -0.1 0.3 0.3 0.1 0 -0.1 0 -0.8 -05 -05
CMCC-CM -03 -14 -03 0 -0.2 0 -0.1
CNRM-CM5 -0.2 0 -0.1 0.1

GFDL-CM3 01 01 0 04
HadGEM2-CC 0 0 0 03  -1.1
HadGEM2-ES 01 -01 -01 02  -18
IPSL-CM5A- 12 06 -07 02 0 -0.1 -0.4
LR
MIROC5 05 -03 -02 01 0 0 02 04
MPI-ESM-LR | 04 | 1 09 01 -01 0 04 0
Ensemble 04 -004 -03 01 -01 -01 02 01
mean
-5.0 -4.0 -3.0 -2.0 -1.0 0 1.0 2.0 3.0 4.0 5.0
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Figure 5.5. Scenario of seasonal frequencies of CWT under the selected 10 GCMs for the

period of 2071-2100.
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Figure 5.6. Seasonal frequencies of CWT for CMIP5 GCMs scenarios (2071-2100 minus 1979-

2005) over Uzbekistan at 700 hPa GPH.
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5.5. Discussions

5.5.1. Comparison with other studies

CMIP5 models are used to evaluate CWT frequencies under recent and future
climate conditions to enable to link the changes in CWT to mudflow occurrences
induced by precipitation associated with specific circulation patterns. Only a
limited number of investigations are focused on the projected changes in
atmospheric circulation over Central Asia, particularly in Uzbekistan and they must
be duly taken into account to compare achieved results in this chapter. No study
has examined the relationship between projected large scale circulation and its

impact on future mudflow risk in Uzbekistan.

The increased frequency of CWT W airflow is expected to contribute to an overall
increase of precipitation by the end of the century. This outcome is corroborated by
Reyers et al. (2013) in which ECHAMS5/MPI-OM1 ensemble is dynamically
downscaled by CWT approach for the Aksu River basin located in Central Asia.
Moreover, this weather type gives a climate change signal in mudflow occurrences
associated with the mechanism of westerly airflow in lower troposphere over the
study area for the future. Conversely, the robust decrease in the occurrence of CWT
AC leads to lower precipitation particularly when it is hybrid or associated with W
and SW flows. Further, the smaller magnitude of ensemble mean in changes

associated with CWT E, SE, S, NW and N circulation patterns show that the
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relationship between named weather types and precipitation has a weaker climate
change signal and it is assumed to remain invariant (Table 5.2, Table 5.3 and Figure

5.6). Similar results have been obtained by Reyers et al. (2013).

However, model outcomes for the CWT C strongly vary in seasonal frequencies
which predict that the climate will be rainy in warm period (March-August) and
mudflows associated with cyclonic days will occur frequently in comparison to the
cold period (September-February) for Uzbekistan in the future. Therefore, the skill
of CMIP5 models projected for CWT SW highlight that significant uncertainties
exist over spring and summer even though there is a clear signal that SW will be
less frequent in future autumns and winters. Zhao et al. (2018) confirms that
subtropical westerly jet centred over Caspian Sea will change its position by shifting
further south in the last 50 years of the 21st century and it will affect summer rainfall
in Central Asian countries including Uzbekistan. Ensemble mean results in this
study also indicate the frequency of CWT SW which brings tropical moist and warm
air associated with extreme rainfall to Uzbekistan is more likely to decrease under
future climate conditions. However, results in Reyers et al. (2013) show opposite
signs in frequency of CWT SW in the future. This disagreement motivates a more

detailed investigation in future.

Finally, the significant changes in undefined weather class especially in warm

periods can be summarised by regarding the influence of orographic features of the

145



investigation area. On the other hand it can be attributed to outperform identified

biases of individual models along with CMIIP5 projection.

5.5.2. Limitations and future outlook

Concerning the model outputs in this study several factors can be underlined as
limitations which needs to be analysed and investigated in the future. First of all, it
should be noted that very few studies exist to compare and better understand the
projected changes in large scale circulation patterns and underlying mechanisms
associated with precipitation in Central Asia, particularly, in Uzbekistan.
Simulations of CWT classification with 10 CMIP5 GCMs for recent climate
conditions highlight biases in reproducing the variability of observed weather types
and their seasonal changes. However, it would be an interesting perspective to try
other reanalyses data (e.g. NCEP) and bias correction methods in order to simulate
the evolution of CWTs frequencies over Uzbekistan and Central Asia. Nevertheless,
simulated frequency of weather circulations and its distribution in this study show
a realistic result of particular weather patterns known to potentially lead to extreme
rainfall events affecting mudflow occurrences. Correlation analysis between ERA-
Interim and CMIP5 models confirm how well observation and model data fit each
other for the historical period of 1979-2005 (Figure 5.4). Furthermore, only 10 GCMs
from CMIP5 projection have been attempted to assess the links between weather
frequencies and mudflow occurrences induced by precipitation associated with

large-scale atmospheric circulation for the RCP8.5 scenario over the study area.
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However, a more detailed analysis by application of all representative models from
CMIP5 projection under different scenarios can be considered for future research.
Moreover, dynamical downscaling approach by application of other circulation
catalogue, for example, CORDEX RCM and WP (Weather Pattern) classification
(Michelangeli et al.,, 1995), could be a perspective experiment in order to see if
similar weather circulations over Uzbekistan are identified for the recent and future
climate. Therefore, future research should focus on models contributing to lower
the uncertainties since the projection for future large-scale circulation is strongly
dependent on the model’s ability to represent the physical mechanisms underlying

climate variability and change (Santos et al., 2016).

5.6. Conclusions

In this chapter, daily mean Zzo outputs from 10 CMIP5 (Taylor et al., 2012) models
have been statistically downscaled by application of CWT approach. Only the first
member (named rlipl) from the historical experiment (1979-2005) and future (2071-
2100) under the RCP8.5 emission scenario (radiative forcing surplus of 8.5 W/m2 in
2100) has been considered for each GCM. By this way the ability of the CMIP5
models in simulating large scale circulation in lower troposphere and its effect on

the projected mudflow risk over Uzbekistan was evaluated.

Comparisons of downscaled historical frequencies of large scale circulation with

observational (ERA-Interim in this case) suggest that the statistical downscaling
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approach of CWT is appropriate to capture the low tropospheric circulation over
Uzbekistan. In general, seasonal frequencies of CWTs do not change significantly as
the overall results indicate that spatial frequency of airflow directions have an
amplitude up to +5 percent in the 2071-2100 years. However, the application of CWT
methodology reveals that W and C airflows will become stronger during the
mudflow occurrences season or in the warm period (March-August) by the end of
the century. It means that extreme mudflow events associated with the above
named weather types will increase in the period of 2071-2100. However, CWT SW
is more likely to decrease under the future climate conditions even though there are

model uncertainties in the warm phase by the end of the century.

The implications that achieved results can be linked to impacts on precipitation
patterns resulting in mudflow occurrences associated with the important airflows

(C, W and SW) detailed in the next chapter.
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Mudflow Risk in
Uzbekistan under
Anthropogenic Climate Change

6.1. Introduction

Precipitation plays a major role in mudflow formation and the projected future
rainfall could predict such phenomena and help set up warning systems. A number
of studies attempted to investigate the impact of climate change on different types
of landslide occurrences by application of downscaled precipitation patterns as an
input parameter obtained from GCMs (Schmidt and Dehn, 2000, Chiang and Chang,
2011) and RCMs (Schmidt and Glade, 2003). These studies mainly focused on
mountain and hilly areas prone to slope failures with the interaction of the climatic
variables such as extreme rainfall events. The main drawback in the use of
downscaled climate variables such as precipitation from GCMs output for
landslide-climate analyses lays in the uncertainty inherent to the downscaled
climate projections (Gariano and Guzzetti, 2016). Additionally, raw GCM

precipitation simulations may be still biased especially in the mountain regions
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(Fowler et al., 2007, Fang et al., 2015). Mannig et al. (2013) concluded that additional
model run would be desirable to assess the uncertainties and biases in the
precipitation patterns in their study domain such as Central Asia. The authors
suggest adoption of dynamical or statistical downscaling approaches to obtain high
spatial and temporal resolution in order to examine climate change impacts on
precipitation parameters. Inadequate observational/empirical data due to lack of
meteorological stations in the study area has been often cited as a limitation (e.g.
Ozturk et al. (2017) and Reyers et al. (2013)) to explain the model bias over the
mountains and high plateau regions of Central Asia. Huang et al. (2014) note that
out of 28 CMIP5 models only 5 models (CanESM2, EC-EARTH, GFDL CM3,
MIROCS5, and MRI-CGCM3) have better ability to capture a multimodel ensemble
mean and simulates well with CRU (Climate Research Unit) rainfall observation
over Central Asia and Tibetan Plateau for the historical experiment during 1901-
2005. Zhao et al. (2018) identified that only 14 models of the 25 models from CMIP5
projection in which the precipitation distribution matched well with subtropical

westerly jet circulation over the Central Asia.

Gariano and Guzzetti (2016) systematically documented the existing investigations
world-wide; they detailed the concepts used in the selected studies and associated
methodologies and included the results of analyses due to the climate change

impact on different types of landslides. Figure 6.1 shows the geographical
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distribution of the climate change studies in relation to all type of landslide events
for each country reported by Gariano and Guzzetti (2016). Figure 6.1 shows that no
investigation regarding landslide (in this case mudflow) — climate has been done in
Central Asian countries including Uzbekistan. Therefore, the work presented in this
chapter is novel in that it is the first investigation which analyses the potential
impacts of global warming on precipitation induced mudflow episodes in the

piedmont and mountainous areas of Uzbekistan.

[~

|-|-700untry file:///C|/Users/gxm423/Downloads/Publical
Sludy code . ange_impact_on_landslides/Image of Fig. 2
areas_'12 6 - o ‘ 31

1 ~|-Papers per 2

~ approach Papers per
1 L none

Approaches M H Country P25 o5

Figure 6.1. Geographical distribution of landslide-climate studies by countries. Green
coloured countries with country code show the number of published papers. Coloured
numbers indicate the number of different approaches which were investigated by
countries. Approaches: M (blue), modelling approach; H (red), historical analysis; P
(orange), analysis of paleo landslide evidences. Adapted from Gariano and Guzzetti (2016).
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Figure 6.2 presents the systematic approach implemented in this chapter. First of
all, an evaluation of the selected 10 GCMs from CMIP5 projection was conducted to
be examine the effects of anthropogenic climate changes on precipitation
climatology by adopting statistical downscaling or empirical or combined
approaches for the recent (1979-2005) and future climate (2071-2100) in Uzbekistan.
In the next step, GCM outputs were applied to an empirical-statistical ADRM to
assess the effect of anthropogenic emissions of greenhouse gases on precipitation
threshold inducing mudflows for the target period of 2071-2100 in the study area.
For this purpose, the extracted daily precipitation timeseries from the CMIP5 GCMs
for the control run (1979-2005) and future experiment (2071-2100) under the RCP8.5
emission scenario was corrected by bias correction procedure. Then, the CMIP5
GCMs were evaluated by calculating frequency means between the station based
climate and the raw precipitation by CMIP5 and bias corrected values. The results
of two selected GCMs out of 10 were used to run the ADRM approach. The analysis
demonstrates that model outputs for climate change studies are capable to predict

mudflow occurrences and is unique to this field of research for Uzbekistan.
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CMIP5 Precipitation

Historical simulation Emission scenario (RCP8.5)
1979-2005 2071-2100

GCM interpolation, data extract and biases

Bias correction algoritms

LS, LOCI, PT

Nearest neighbour

Projection of future mudflow risk

CWT ADRM LRM

Figure 6.2. Projected mudflow behaviour chain (Objective 6).

6.2. Data

To evaluate the modelling capabilities of 10 selected GCMs from CMIP5 multi-
model projection, simulated precipitation from the GCMs are compared to station
based observational data for the 27-year period 1979-2005. The main focus is
precipitation timeseries for the warm season of the year (March-August) because
the application is towards precipitation threshold resulting mudflow occurrences

in summer over the study area.
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6.2.1. Simulation data

Selected 10 GCMs from the multimodel CMIP5 ensemble for historical run (1979-
2005) and future scenarios (2071-2100) of precipitation are used in this chapter.
Detailed description of CMIP5 are provided by Taylor et al. (2012). The atmospheric
component of horizontal and vertical resolutions for each model is described in
Table 5.1 (please see Chapter 5). Simulated data used of the grid-box that includes
the location of the weather station used to calibrate the precipitation timeseries for

the period of 1979-2005.

6.2.2. Observed data

Daily observed precipitation data for a period of 27 years (1979-2005) of the selected
station (Gallyaaral) recorded by Uzhydromet according to WMO standards is used

for bias correction of GCM predictors and validation of the historical experiment.

6.3. Methods

6.3.1. Extraction of CMIP5 ensemble daily rainfall timeseries

Before the extraction CMIP5 GCMs precipitation data, selected 10 models were
interpolated using bilinear algorithm. Thereafter, the grid box that included the
location of the selected weather station (Gallyaaral) used to extract raw precipitation
values from CMIP5 GCMs based on nearest grid point interpolation. Daily rainfall
values for the 10 selected GCMs for historical simulation (1979-2005) were extracted

in order to validate the raw data with the observational timeseries. Daily rainfall
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values for future scenario 2071-2100 under the RCP8.5 emission were also extracted

at the same grid box.

6.3.2. Bias correction methods for GCM precipitation data

The choice of a bias correction algorithm plays a significant role in assessing the
precipitation pattern for recent and future climate conditions. In this study, three
bias correction methods such as linear scaling (LS), local intensity scaling (LOCI)
and power transformation (PT) are employed for adjusting GCMs outputs.
Timeseries of daily precipitation data for the period of 1979-2005 and 2071-2100 are

used for bias correction techniques.

6.3.2.1. Linear scaling of precipitation

The linear scaling or simply scaling method introduced by Lenderink et al. (2007)
quantifies the bias by application of monthly correction values based on the
differences between observed and raw data of the model (Fang et al., 2015). The

formula for simple scaling is:

M(Pobs,m)

6.1
u(Praw,m) ( )

P cor,m,d — P rawm,d X

Pcorm,a is corrected precipitation on the dth day of mth month, and Praw,md is the model

raw precipitation on the dth day of mth month. u represents the expectation
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operator (e.g., 1 (Pobsm) represents the mean value of observed precipitation at given

month m).

6.3.2.2. Local intensity scaling of precipitation

Local intensity scaling method presented by Schmidli et al. (2006) consists of three
steps (Teutschbein and Seibert, 2012) that can effectively correct for biases during
the wet-day frequency and intensity. In a first step, a model precipitation threshold
for the mth month (Ptesm) is calibrated such that the number of GCM simulated
days exceeding this threshold matches the number of observed days with
precipitation more than 0 mm (Teutschbein and Seibert, 2012, Fang et al., 2015).
Thereafter, the following formula quantifies a scaling factor s from the wet day

intensities:

g = U(Pobs,m,d|Pobs,m,d>0) (6.2)
m lvl(Praw,m,d |Praw,m,d>Pthres,m) .

Finally, GCM simulated precipitation is corrected by the scale parameter:

0,

Praw,m,d X Sm if Praw,m,d < Pthresm (6.3)

Pcor,m,d = {

6.3.2.3. Power transformation of precipitation

The power transformation approach uses an exponential form to further adjust the

variance statistics of precipitation time series while the above two algorithms (LS
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and LOCI) are limited to correct the differences in the variance (Teutschbein and
Seibert, 2012). Following Fang et al. (2015) b, the exponent for the m th month is

estimated (Shresta, 2015) by the LOCI combination approach formula:

bm
f(bm) — O'(Pobs,m) _ U(PLOCI,m) (64)

b
U(Pobsm) ”(PL(T)%I,m)

where ¢ indicates the standard deviation, Py, is the corrected precipitation by
the LOCI algorithm for the m th month. If the exponent factor b is greater than 1 for
the m th month it means that the GCMs underestimates the coefficient of variances

of observed precipitation timeseries for the m th month. After the identification of

ﬂ(Pobs,m)
pbm
LOCIm

the b,, factor, the parameter s, = (6.5) is adjusted in a stepwise manner to

match the mean corrected values to the observed mean. Thereafter, the corrected

precipitation timeseries by LOCI approach is used:

_ bm
Pcor,m,d = Sm X PLOCI.m,d (6'6)

6.3.3. ADRM method

After the calculation of antecedent rainfall index of bias corrected precipitation from
two GCMs (CMCC-CM and MPI-ESM-LR) obtained by PT approach, the daily
rainfall value as a driving factor of mudflow occurrences in the study area is applied
to ADRM for the control run and future scenario. Calculation antecedent daily

rainfall index is based on simple formula:

157



rao=kri + k2 +...+km  (6.7)

where rao is the antecedent daily rainfall for day 0; r1is the rainfall on the day before
day O; rxis the rainfall on the n th day before day 0; and k is a constant <1.0, in this

case k=0.84.

6.3.4. Logistic regression model

Logistic equation is developed in order to estimate the relationship between
mudflow occurrences (dependent variable) and daily rainfall value and 10 days of
antecedent rainfall index (independent variables). Equation is based on the

following formula:
log (1%)) =F(r,n) (6.8)

where p is the probability (p) of mudflow occurrences on a given day. The
probability curves for P=0.1, P=0.5 and P=0.9 are quantified in this study. This

method is analogous to the one presented in Glade et al. (2000).

6.3.5. Selection of extreme rainfall events triggering mudflows

Based on results in Chapter 4, the precipitation values for more than 20 mm and
antecedent index with <40mm during the CWT C, SW and W days have been
derived from the bias corrected precipitation data for control run (1979-2005) and
future projection (2071-2100) simulated for the Gallyaral station. It was assumed

that the chance of mudflow occurrences in case of precipitation below 20 mm is
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relatively less, and this assumption has been validated in Chapter 4 whereby it
shows that there is only 10% probability of mudflow occurrences for the Gallyaral
station when precipitation amount is <20mm (Table 4.3, Figure 4.4). However, it
should be duly taken into account that higher antecedent rainfall index could
trigger mudflow magnitude even though the precipitation amount is less than 20
mm. The limitation of this approach lies with the fact that only daily rainfall values

are included as mudflow inducing factor and neglecting temperature patterns.

6.4. Results

6.4.1. Evaluation of bias correction methods applied to precipitation

The evaluation of daily mean precipitation values of GCM simulations before and
after bias corrections against the observational variable at the Gallyaral
meteorological station is listed in Table 6.1. Time-series based performances of
observed precipitation, GCM outputs and corrected data are visualised as 7 days
running mean to smooth daily variability of precipitation (Figure 6.3 and Figure
6.4). Additionally, Q-Q plot is used to compare the theoretical distributions of each
parameter (Figure 6.5 and Figure 6.6). The time range used for bias correction in this

study is 27 years from 1979 to 2005.

Table 6.1 present that the raw data of the models, namely ACCESS1-0, CNRM-CMS5,
HadGEM2-CC, HadGEM2-ES and IPSL-CM5-LR overestimate the average

precipitation (1.84, 1.34, 1.37, 1.38, 1.24 mm each) compared to the observation (1.04
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mm) for the investigation period. In contrast, MIROC5 and MPI-ESM-LR GCMs
underestimate the precipitation values (0.86 and 0.78 mm), at the same time bcc-
csm1-1 (1.09 mm) slightly overestimates precipitation over the Gallyaaral station. It
is notable that mean values of raw precipitation data presented by CMCC-CM (1.04
mm) and GFDL-CM3 (1.02 mm) models are similar to the mean value (1.04 mm) of

observed timeseries (Table 6.1).

Frequency statistics of mean values at the Gallyaral station after the application of
bias correction techniques (LS, LOCI and PT) significantly improved and had a
good estimation of bias corrected precipitation values compared to the GCM raw
data. Correcting the precipitation timeseries with LS method ensures that
maximum rainfall never exceeds the raw maximums if the model raw overestimates
the observed data. After correction of daily rainfall, the response of corrected values
at Gallyaral station by scaling algorithm gives more realistic mean values even
though the method underestimates the maximums of observed precipitation (Table

6.1, Figure 6.3, Figure 6.4).

Compared to the LS method, LOCI algorithm significantly overestimates the GCM
simulation from observation values, likewise frequency statistics of corrected values
are higher than the mean values. After the correction by LOCI procedure for the

bias in the station, 27 years averaged precipitation data, it was found that it is
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insignificant for most of models, however, results from CMCC-CM, CNRM-CM5

and MPI-ESM-LR are more realistic (Table 6.1, Figure 6.3 and Figure 6.4).

The ability of PT method to reproduce the precipitation shows robust results
amongst bias correction techniques applied in this study. Frequency statistics of
mean values (Table 6.1) and visualisation (Figure 6.3 and Figure 6.4) perform that
method fits well and improves the GCM raw data achieving close agreement of the

mean corrected values with the observed timeseries.

Out of ten selected GCMs the best frequency metrics and bias corrected results are
related to CMCC-CM and MPI-ESM-LR models. In a first case, the raw data of
CMCC-CM model reveals similar station based timeseries with minor
overestimation in the beginning of winter season (Figure 6.3). For the MPI-ESM-LR
model, the raw values, after applying bias correction techniques, match the
observation variable. Hence, the above named two models’ bias corrected outputs,
preferably obtained by PT technique, could help to identify precipitation threshold

triggering mudflows in the study area for the recent and future climate.
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Table 6.1. Frequency based statistics (unit: mm) of daily mean observed precipitation, GCM
raw data and bias-corrected values (LS, LOCI, PT) at the Gallyaral station for the historical
period (1979-2005) and future scenario (2071-2100).

standard deviation mean median 75t percentile 99th percentile
control scenario control scenario control scenario control scenario control scenario
o Obs 0.98 1.04 0.84 1.70 3.52
(‘7I‘) Raw 1.54 1.81 1.84 2.18 1.63 213 2.68 3.43 5.87 6.74
E’ﬂj LS 0.86 1.12 1.04 1.30 1.02 1.23 1.66 2.09 3.39 3.96
O LOCI 1.40 3.31 1.65 3.87 147 341 2.69 5.87 4.85 13.32
< PT 0.94 1.52 1.04 1.53 0.90 1.24 1.58 2.47 4.01 6.57
—  Obs 0.98 1.04 0.84 1.70 3.52
F‘é Raw 0.88 0.91 1.09 0.99 1.09 0.84 1.78 1.71 3.07 3.11
s LS 0.84 0.89 1.05 0.95 1.04 0.81 1.64 1.55 297 3.24
§ LOCI 1.33 1.54 1.65 1.54 1.52 1.03 2.72 2.62 4.93 5.39
PT 1.02 1.37 1.04 1.13 0.84 0.64 1.61 1.64 3.69 5.95
s Obs 0.98 1.04 0.84 1.70 3.52
O  Raw 0.97 1.24 1.04 1.7 0.93 0.87 1.68 1.93 3.86 4.57
8 LS 0.97 1.35 1.04 1.21 0.92 0.84 1.69 1.89 3.75 5.56
> LOCI 0.99 1.37 1.05 1.22 0.93 0.84 1.67 1.93 3.77 5.72
© PT 0.97 141 1.04 1.23 0.91 0.82 1.65 1.98 3.70 6.15
1o Obs 0.98 1.04 0.84 1.70 3.52
5 Raw 1.19 1.28 1.34 1.42 1.21 1.11 2.09 227 4.60 4.74
5' LS 0.95 1.08 1.04 1.13 091 0.86 1.70 1.78 3.60 4.22
Z LOCI 1.08 1.19 1.25 1.31 1.13 1.05 1.89 2.04 4.23 4.49
U pr 1.00 1.18 1.04 1.16 0.85 0.80 1.70 1.79 3.71 4.42
«n Obs 0.98 1.04 0.84 1.70 3.52
5 Raw 0.79 0.78 1.02 0.94 1.04 0.94 1.63 1.53 2.83 2.83
- LS 0.84 0.85 1.05 0.97 1.05 0.92 1.72 1.64 3.10 3.18
Le LOCI 1.33 1.36 1.59 147 151 1.31 2.59 2.52 4.57 4.90
o PT 0.97 1.22 1.04 1.13 0.89 0.83 1.73 1.77 3.78 4.63
8 Obs 0.98 1.04 0.84 1.70 3.52
& Raw 1.37 1.90 1.50 2.01 1.14 1.64 217 3.23 5.47 7.37
;.% LS 0.88 1.34 1.04 1.46 0.98 1.38 1.68 2.46 2.99 4.89
% LOCI 1.73 2.43 1.74 243 1.33 2.00 2.72 3.88 7.33 9.62
"(I,_'}“ PT 0.99 1.89 1.04 1.82 0.87 141 1.68 3.11 3.59 7.60
& Obs 0.98 1.04 0.84 1.70 3.52
%‘I Raw 1.38 1.74 1.58 1.99 1.30 1.84 2.29 3.18 5.52 6.46
m LS 0.84 1.30 1.04 143 0.98 1.37 1.67 2.38 3.13 4.94
% LOCI 1.44 2.01 1.63 2.22 142 2.06 2.56 3.56 5.69 7.49
I PT 0.96 1.75 1.04 1.73 0.90 1.42 1.69 2.96 3.80 6.44
5 Obs 0.98 1.04 0.84 1.70 3.52
b Raw 1.24 1.06 1.27 0.99 0.93 0.66 2.26 1.65 4.08 3.96
5 LS 0.88 0.77 1.04 0.80 1.01 0.70 1.69 1.32 3.15 3.04
c% LOCI 1.27 1.09 1.44 1.09 1.31 0.95 241 1.82 4.37 4.05
& PT 0.99 0.98 1.04 0.88 0.82 0.63 1.66 143 3.67 4.01
Obs 0.98 1.04 0.84 1.70 3.52
8 Raw 0.75 0.89 0.86 0.98 0.64 0.75 1.31 1.54 2.88 3.78
g LS 0.92 1.08 1.04 1.19 0.85 0.95 1.62 1.90 3.46 4.24
E LOCI 1.16 1.38 1.39 1.59 1.16 1.38 2.06 2.45 4.39 5.49
PT 1.00 1.34 1.04 1.32 0.78 0.93 1.63 2.07 3.94 5.19
5 Obs 0.98 1.04 0.84 1.70 3.52
2‘ Raw 0.81 0.93 0.78 0.78 0.58 0.48 1.36 1.27 2.80 3.54
L LS 1.10 1.18 1.05 1.01 0.86 0.61 1.74 1.67 3.85 4.71
E' LOCI 1.10 1.23 1.04 1.04 0.79 0.61 1.77 1.66 3.87 4.87
= 1.00 1.19 1.04 1.06 0.87 0.68 1.76 1.67 3.58 4.74
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Figure
values
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6.3. Daily mean precipitation of observed, raw GCM-simulated and bias corrected
at the Gallyaaral station with the 7-day smoothed moving average method for the
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Figure 6.4. Same as Figure 6.3 but for the years of 2071-2100.
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6.4.2. Linking global circulation model outputs to ADRM

Probabilities of mudflow occurrences using antecedent daily rainfall conditions as
an independent factor triggering mudflow events has been analysed here. Equation
(6.9) explained for the Gallyaaral station in the Table 4.4 was used to calculate the
threshold probability line for control run (1979-2005) and future scenarios (2071-
2100) of two selected GCMs (CMCC-CM and MPI-ESM-LR). Model outputs are

.1 * 7 . < ’a .9

Probability envelopes of mudflow occurrences based on model data which include
antecedent rainfall condition and daily precipitation as input data for ADRM show
that results using equation 6.9 works satisfactorily for both GCMs (Figure 6.7).
However, calculation of the probability line (Table 6.2) based on the synthetic
mudflow occurrences assumed by taking into account the selected rainfall class
CWT C, SW and W generating extreme events, show that CMCC-CM
underestimates the 0.5 and 0.9 threshold probability lines for control run and future
scenario (Figure 6.8). This might be due to exclusion of information on temperature
conditions as this is an important parameter to be taken into account while running
the ADRM as it was discussed in Chapter 4. The modelling results for MPI-ESM-LR
precipitation data suggest that the probability line is underestimated (<0.5 and <0.9)

for the control period, however, the probability for the future scenario fits, but has
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some uncertainties. This might be due to the very high values of precipitation and
antecedent rainfall index projected by MPI-ESM-LR GCM. In general, both GCMs
were able to capture probability lines even though the ADRM has some limitations
due to the exclusion of temperature conditions. Overall the outputs from the GCMs
(CMCC and MPI-ESM-LR) for the threshold probabilities are acceptable as both can
capture the antecedent conditions and extreme events evaluated by ADRM taking
into account CWT C, SW and NW airflows as a proxy to simulate and project future

risk of mudflows in Uzbekistan.

Table 6.2. Rainfall threshold probability equations of mudflow occurrences in the
Gallyaaral station established using GCM corrected precipitation data (P — probability, r —
daily rainfall, r.- antecedent rainfall, Pr(>chi) - chi-squared results).

period CMIP5 GCM Probability equation Pr(>chi)
3

n CMCC-CM log <ﬁ) = —5.62+0.19r + 0.10 * r, 3.12e-13
§ 2 P

S & MPLESMR log (=) = —443+ 017 x7+0.07 7, 525e-10
P

5 o MCCCM log <ﬁ> =—4.6140.15%7+0.06 x7, 7.99e-09
— S -

g 9

§ © P

& 5 MPLESMLR log(1—) = —386+ 013+ 7+ 003+, 000082
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Figure 6.7. An antecedent daily rainfall model applied to the observed and representative
CMIP5 GCMs outputs for the Gallyaaral station for the March-August covering three time
period: station data 1984-2013 (a), 1979-2005 for the control run (b, c) and 2071-2100 for
future scenario (d, e). Red lines indicate the 0.1, 0.5 and 0.9 probability threshold triggering
mudflow occurrences. Equation (6.1) from Table 4.2 was used for calculation of the
probability lines at the selected station.

169



a) Observed (1984-2013)

Antecedent Rainfall Index (mm)

g ® day without mudfiow
4 day with probable mudflow
4 day with mudfiow
o
&
o
g
E
E g
3
=
4
= 8 Jose
8
2 Jos”
< 4
o 4
T T T T
60 80 100 120 140
Antecedent Rainfall Index (mm)
) CMCC-CM (1979-2005) b) MPI-ESM-LR (1979-2005)
o o
I bl
8 g 4
8 g 4
E £
E o E o |
= @9 = W
K] 3
€ E
& e
> 2 > 2
z s z B
(=] (=]
T T T T T
o 20 40 60 80 100 120 140 o 20 40 60 80 100 120 140
Antecedent Rainfall Index (mm) Antecedent Rainfall Index (mm)
e) CMCC-CM (2071-2100) d) MPI-ESM-LR (2071-2100)
g g 4
=] =]
&7 B
2 1 el -
E . E *
E o | E o]
= = = ¥
2 2
= =
2 . Z
= 81 = B
s 0.g 8 0.9
o =
= =
o o
& ~
o - o -
T T T T T T T
o 20 40 60 80 100 120 140 80 100 120 140

Antecedent Rainfall Index (mm)
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future scenarios are based on equations given in the Table 6.2.
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6.5. Discussion

The research presented in this chapter compared the abilities of 10 selected GCMs
from CMIP5 multi-model projections with the aim to investigate precipitation
climatology as the main triggering factor of mudflow occurrences in Uzbekistan for
the historical period of 1979-2005 and future scenarios under the RCP8.5 for the
2071-2100 period. Simulated precipitation was analysed by applying three bias
correction algorithms (LS, LOCI, PT) to select suitable model outputs to run the
ADRM model. Precipitation threshold triggering mudflow occurrences for the
control period (1979-2005) and future scenario (2071-2100) obtained for the
Gallyaaral station were evaluated using logistic approach equation (please see
Chapter 4 for details). At the same time threshold probability was identified taking
into account mudflow generating weather patterns namely CWT C, SW and W
associated with daily rainfall (<20mm) and antecedent conditions (<40mm) as
central proxies to simulate synthetic mudflow occurrences under the recent and
future climate scenarios. Several conclusions can be made from the analysis done in

this chapter:

1. Based on the outputs of LS, LOCI and PT bias correction techniques, PT
approach has a higher ability to capture the observed precipitation and
reproduce more realistic precipitation values from the model raw data for

the historical experiments.
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. CMCC-CM and MPI-ESM-LR models, of the 10 selected GCMs of CMIP5

models, show realistic results for the historical experiments of precipitation
data. Whereas, CNRM-CM5, GFDL-CM3, IPS-C5M-LR and MIROC5
represent remarkable outputs for future scenarios. The remaining four
models overestimate precipitation values over Uzbekistan. This is
corroborated with the results presented in Zhao et al. (2018).

. CMCC-CM and MPI-ESM-LR model outputs corrected by PT bias technique
are suitable to investigate changes in precipitation timeseries and its link to
mudflow occurrences under recent and future climate conditions for the
study area.

. Threshold probability equation based on observed data works satisfactorily,
however equation coefficients which are not derived from the observed data
give slightly underestimated threshold lines in both GCMs (CMCC-CM and
MPI-ESM-LR).

. CWT C, SW and W directions can work satisfactorily as proxies to identify
precipitation threshold triggering mudflows in the study area.

. The model outputs show that mudflow occurrences will increase by the end
of the century, as the model scenarios show increasing precipitation amount

at the selected station.
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However, several limitations still exist in this study. First, amongst the ten models
used only outputs from two models were applied to establish the precipitation
threshold probabilities using ADRM and statistical transfer function by means of
logistic regression. It would be desirable to run different GCMs with rainfall data
and compare the achieved results in order to better understand future risk of
extreme mudflow events and the triggering factors. Second, the synthetic or
probable mudflow derived from the rainfall data on relevant day with CWT C, SW
and W circulations, which are used as a proxy in this case, cannot be dated exactly
for the same day of observational data. Schmidt and Glade (2003) have shared this
limitation in their study. Nevertheless, the results from the use of two GCMs
demonstrate reasonable outputs when compared with the thresholds obtained from

observational data.

Despite all weaknesses, it can be concluded that CMIP5 GCMs precipitation
timeseries with efficient downscaling and bias correction techniques can link
precipitation extremes and rainfall induced landslide types using antecedent
rainfall model together with logistic regression function for any region with

available rainfall and landslides data.
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Conclusions and
Outlook

7.1. Research findings and conclusion

Extreme mudflow occurrences during the warm phase of the year (mainly March
to August), especially in the piedmont areas of Uzbekistan, are a major threat to
human life and property, infrastructure, land use and natural resource base. In the
last decades, research rooted in engineering and environmental sciences as well as
the advances in computing resources have greatly increased the ability to
understand the main causes, triggers and the driving mechanisms of different types
of landslides in worldwide (Clague and Roberts, 2012). Most of the research
activities conducted mudflows and other landslide types occurring in Central Asia
and Uzbekistan deal with geological and topographical factors (Havenith et al.,
2006, Juliev et al., 2017 and 2019) affecting slope stability, however, high impact of
weather and climate variables on landslide types including mudflows have been
not yet fully understood or explored. To the best of knowledge, no study attempted
to analyse the impact of large scale atmospheric circulation patterns in generating

mudflows in springs-summer transition seasons in Uzbekistan using weather
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typing algorithm by applying data analysis based on in situ or archive records on
mudflow and daily climate variables (precipitation and temperature) combining
with state-of-the-art in the field, such as the ECMWF reanalysis dataset and

AOGCMs from CMIP5 multi-model projection.

The main purpose of this thesis is to understand the atmospheric drivers of
mudflow variability on local and synoptic to hemispheric scales and how these
factors will change periodically considering global warming conditions on longer
time scales. To fulfil this purpose, as a first step historical data of mudflow
occurrences in Uzbekistan provided by the Centre of Hydrometeorological Service
of the Republic of Uzbekistan (Uzhydromet) for more than 140 years are statistically
analysed in Chapter 2. During the investigation period a total of around 3000
mudflow events were observed with about 21 events per year on average and a
maximum of 168 mudflows in 1930. The most frequent mudflow occurrences was
assigned to Fergana Valley in the eastern part of Uzbekistan due to its
geomorphological settings, while central (Zerafshan basin), north-eastern
(Chirchik-Akhangaran basin) and southern (Kashkadarya and Surkhandarya

basins) regions show lower values of annual mudflow distribution.

In Chapter 3 synoptic and large scale circulation systems and its link to the

mudflow occurrences in Uzbekistan for a period of 30 year (1984-2013) have been
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analysed by using subjective weather classification (SWT, synoptic weather type)

and objective (CWT, circulation weather type) approaches.

SWT 10 or westerly advection from the seventeen weather patterns from Bugayev
et al. (1957) synoptic scheme is classified as a dominant synoptic circulation
generating mudflow occurrences in the study area for the years 1984-2013. This
agrees with the findings of Salikhova (1975) and Lyakhovskaya (1989) that heavily
precipitating synoptic circulation especially when it is hybrid or accompanied with
cyclones from south-western (SWT 1, 2, 3) can potentially increase mudflows
occurrences and heavy floods in rivers. Similarly, Aizen et al. (2004) found that
westerly weather system (SWT 10) out of the 17 synoptic circulation types was
strongly associated with precipitation climatology observed in Tian Shan

Mountains of Central Asia.

Objective weather type classification approach showed a significant relationship
between CWT cyclonic (C), westerly (W), south-westerly (SW) airflow directions
and mudflow events comparable with the other CWT classes for the warm phase
(March-August) of 1984-2013 in the study area. Additionally, these weather classes
together contributed to more than two thirds of the recorded precipitation in
Uzbekistan. Interestingly, the structure of results of individual weather classes, for
instance, CWT north-westerly (NW) airflow suggested that the advection of moist

air is also connected to precipitation events and resulting in mudflows in the two
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river basins (Chirchik-Akhangaran and Surkhandarya) in the study area.
Additionally, due to the orographic effect, the CWT north-easterly (NE) days could
trigger more mudflows in Fergana Valley. It is worth mentioning that main results
of objective circulation patterns characterising precipitation climatology are similar
to comparable investigation that have been carried out previously by Reyers et al.

(2013) and Gerlitz et al. (2018).

Hence, the notable performances of CWT approach to detect the climatic drivers of
mudflow occurrences recorded in Uzbekistan has robust results and has major
implications for analyses of mudflows under the climate change conditions in

Chapters 5 and 6.

Rainfall thresholds for the initiation of mudflow occurrences in Uzbekistan are
investigated in Chapter 4. Empirically based antecedent daily rainfall model
(ADRM, Glade et al., 2000) and statistical logistic regression (LRM) analysis have
been applied in order to define the rainfall thresholds as the best separators of
precipitation conditions (Guzzetti et al., 2007) that induced mudflow events over
the study area. Calculations were performed for daily precipitation records from
five selected meteorological stations (Gallyaaral, Chimgan, Sokh, Mingchukur and
Baysun) for the period of March-August, 1984-2013. Considering 10 days period of
cumulative rainfall together with daily precipitation values and mudflow records,

the probability thresholds for the initiation of mudflows have been derived within
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the study area. The established thresholds and probabilities are regionally based
(Glade et al., 2000) which is explained by the lithological and geomorphological as
well as the climatic conditions of each basin. The uncertainty in model construction
is due to the quality of mudflow data and mudflow’s timing as well as rainfall
values stored in the database. Nevertheless, an obtained threshold could be used as
a benchmark for the relevant studies at a regional scale as well as an early warning

signal in the mudflow susceptible areas in Uzbekistan.

One of the objectives was to combine different strands (CWT, ADRM and LRM) to
identify a proxy based on selection of mudflow inducing weather class by clustering
antecedent index, precipitation values and mudflows and these were assigned to a
CWT class. Results obtained from this attempt confirmed that significant rainfall
values and antecedent conditions on CWT C, SW and W days could initiate
mudflows frequencies and magnitudes compared to other circulation patterns in

the study area.

Coupled Model Inter-Comparison Project Phase 5 (CMIP5) multi model ensemble
climate change projections for large scale atmospheric conditions are analysed in
Chapter 5: by statistical downscaling of present and future atmospheric
circulation over Uzbekistan. In order to better understand the driving mechanisms
of mudflow induced precipitation, well-established Circulation Weather Types

(CWT) classification is applied for the recent (1979-2005) and future (2071-2100)
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climate considering RCP8.5 emission scenario of 10 GCM ensemble. Ten circulation
types (C, AC, NE, E, SE, S, SW, W, NW and N) with conspicuous distribution and
seasonality are identified in the selected geographical sector covering Uzbekistan
and Central Asia with grid point located at 40.0N-67.5E. Historical simulation of an
ensemble of 10 GCMs from the CMIP5 with respect to changes in the atmospheric
circulation shows realistic outputs with some minor discrepancies of individual
models against observation based ERA-Interim reanalyses dataset. However, the
pertinent results of the effects of important large-scale circulations modulating
precipitation, such as CWT C, SW and W, identified to trigger mudflow occurrences
over the study area have been described in previous chapters 3 and 4. CMIP5
outcomes suggest that changed frequencies of cyclonic C and westerly W airflow
directions will potentially contribute to more extreme mudflow occurrences during
the warm season (March-August) by up to 5% near the end of the century. However,
the ensemble results show uncertainties regarding the CWT SW airflow associated
with the most devastating mudflow events in Uzbekistan for the projected period
of March-August in 2071-2100. The clear advantage of the CWT approach applied
in this study is that the climate change signals for precipitation generating
mechanism impact on mudflow occurrences are significantly coherent and it is

consistent with the results in previous studies (Reyers et al., 2013).
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The assessment of effects of global warming on mudflow occurrences using
statistically downscaled precipitation series from 10 GCM of CMIP5 as an input of
the triggering factor for future mudflow risk in Uzbekistan has been elaborated in
Chapter 6. Considering the historical simulations over 1979-2005 and following the
projections of RCP8.5 emission scenario for the target period of 2071-2100,
precipitation climatology have been evaluated using bias correction techniques. The
results of the selected two models (CMCC-CM and MPI-ESM-LR) on precipitation
for the period March-August have been assigned per CWT class in order to run
control and future scenarios. By this way, the synthetic rainfall series were linked
to a central proxy — a mudflow generating weather types (CWT C, SW and W) in
order to diagnose potential changes in mudflow occurrences given the changed
CWT characteristics by running the statistical-empirical algorithm of ADRM.
Results for the important weather types (C, W and SW) confirm that mudflow
activity will increase in the selected region as precipitation values associated with
the CWT C, W and SW flows in CMIP5 projections are expected to increase in the

warm season for the target period of 2071-2100.

The ultimate goal of this chapter was to use simulated future frequencies of
precipitation known to trigger potential mudflow occurrences in Uzbekistan
especially in the Zerafshan basin. However, the significance of rainfall threshold

values vary geographically which gives uncertainty associated with rainfall
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projections for the remaining basins which are needed to produce projected
threshold within the framework of mudflow-climate chain for further studies.
Nevertheless, this methodology can be considered to be a first attempt to identify
the relationship between GCM and extreme mudflow hazards for the future in
Uzbekistan in regional scale. Additionally, the outputs could be linked to economic
models (Schmidt and Glade, 2003) for more detailed investigations in order to
diagnose probable damages and evaluate direct and indirect impacts and

implications for designing preventive interventions over the study area.
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7.2. Limitations and reservations

The major limitations of the approaches used in this thesis lie in the well-known
inherent incompleteness of the following procedures. These limitations are listed

below:

e First of all, data issues regarding mudflow timing impeded derivation of
useful information and restricted understanding the essential influences of
diurnal and nocturnal rainfall variations to mudflow occurrences.

e Second, station based observation data does not include hourly rainfall
intensity and duration information. These are essential for the selection and
application of the statistic based rainfall threshold models used to identify
the triggers for initiating mudflow in regional scale; for example, most of the
existing models use the rainfall intensity as an input data to establish the
regional threshold (Caine, 1980). These two major drawbacks in the empirical
data prompted the use of the ADRM model with combination of logistic
regression algorithm to obtain the rainfall threshold inducing mudflows to
fulfil the objectives of the research.

e The third limitation is that the local synoptic classification SWT is subjective
although it allows mudflow occurrences to be linked to synoptic scale

atmospheric circulation over the study period.
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e The fourth limitation is related to the effect of the topographic heterogeneity
of the area, orographic lifting and frontal system which raised the issues
regarding high frequencies of undefined weather class while determining the
large scale circulation by CWT approach in lower troposphere over the study
area.

e Fifth, some significant climate model biases have been identified due to
overestimation or underestimation of CWT frequencies and precipitation
climatology suggesting the low skills and model limitations in simulating

mudflow risk under the climate change conditions.

However, despite the above mentioned limitations, this thesis work successfully
demonstrates that objective circulation weather patterns is useful to predict future
mudflows. The combination of methodological approaches adopted to circumvent
the problems regarding empirical data for study area is a novel contribution to the
field of atmosphere sciences and climatology over Uzbekistan and Central Asia.
There is a lack of peer-reviewed literature for the study area, a limitation that this

thesis attempts to overcome.

7.3. Forward outlook

Each of the chapters of this thesis make a significant contributions towards the

assessment of atmospheric circulation weather patterns generating mudflow
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occurrences for the observed and simulated future climate conditions for

Uzbekistan. However, to comprehensively understand the mudflow-climate

processes and related dynamics, the following add on research topics would be

interesting future work to study the potential impact of mudflow hazards in

Uzbekistan.

The insufficient representation of elevation dependencies of precipitation
necessitates further studies which focus on exploring the effect of
topography and heterogeneous surface on precipitation process in
combination with relevant atmospheric circulation, such an analysis will
provide further insight into the causes of extreme mudflow occurrences over
the study area. Thus, the use of regional climate models and dynamical
downscaling techniques to elaborate future risk of mudflow from climate
change in regional scale could be interesting future research area. As the
traditional coarse—resolution climate models do not have the ability to project
reliable future changes in rainfall intense, the experiments at very high (<5-
km grid spacing) resolution (Kendon et al., 2014, Kendon et al., 2017) or
convection permitting climate model simulations (e.g. COSMO-model)
would be beneficial to examine orographically induced convective
precipitation (Fosser et al., 2015) causing flash-floods and mudflows over the

study area.
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Since the influence of large-scale teleconnection modes (Hurrell and Van
Loon, 1997, Polonsky et al., 2004, Bueh and Nakamura, 2007) on the
frequency of precipitation resulting in mudflows have not been investigated
yet, this could be another interesting area of research as a next step.
Furthermore, the assessment of atmospheric rivers (Ralph et al.,, 2006,
Hughes et al., 2014, Eiras-Barca et al., 2018, Ramos et al., 2018), which is
relevantly new subject area, needs to be studied for the investigation area, in
order to understand the significant impact of atmospheric rivers on
precipitation generating mudflow hazards and its geospatial distribution.
Moreover, taking account of geological factors in the input data would likely
provide more advanced and robust results regarding threshold probabilities
for the initiation mudflows.

Finally, the methodology applied in this thesis proves that CWT is an
advanced tool which could be used to define and better understand the
significant relationship between the large scale circulation patterns and
extreme hydrometeorological hazards, such as droughts, floods, glacial
conditions as well as, agriculture and other climate dependent livelihoods

and infrastructure losses, in addition to, risks to human life.
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Figure A 1. ERA-Interim average specific humidity at 700 hPa GPH on mudflow days
occurred in the Zerafshan basin for the period of 1984-2013: CWT north-east (a), south-west
(b), west (c), north-west (d), north (e), cyclonic (f), anticyclonic (g) and undefined (h)
weather days. Black contour lines together with black dots show the area where the
topography is above 2000m further corresponding 3000 m and 4000m.
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Figure A 2. Same as Figure A1 but for Chirchik-Akhangaran basin: CWT south-west (a),
west (b), north-west (c), north (d), cyclonic (e), anticyclonic (f) and undefined (g) weather

type.
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ame as Figure Al but for Fergana Valley: CWT north-east (a), south-west (b),

west (c), north-west (d), north (e), cyclonic (f), anticyclonic (g) and undefined (h) weather

type.
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Figure A 4. Same as Figure Al but for Kashkadarya basin: CWT south-west (a), west (b),
north-west (c), cyclonic (d), anticyclonic (e) and undefined (f) weather type.
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Figure A 5. Same as Figure Al but for Surkhandarya basin: CWT south-west (a), west (b),
north-west (c), cyclonic (d), anticyclonic (e) and undefined (f) weather type.
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Figure A 6. Box plots show daily precipitation for the warm phase (March-August) of
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control period 1979-2005 for each CWT class at four representative stations, namely
Gallyaaral (Zerafshan, basin), Chimgan (Chirchik—-Akhangaran basin), Mingchukur

(Kashkadarya and Surkhandarya basins) and Sokh (Fergana Valley) simulated by the 10
GCM from CMIP5 multi-model without bias correction. The blue and red lines represent

percentiles 0.90 and 0.95 of the precipitation for each class.
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Figure A 7. Same as Figure A6 but for the period of September-February, 1979-2005.
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Figure A 8. Same as Figure A6 but for future scenario of March-August, 2071-2100.
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Figure A 9. Same as Figure A6 but for future scenario of September-February, 2071-2100
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